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ABSTRACT 
MOLECULAR PROBES FOR THE DETECTION OF Zn
2+
 AND Fe
3+
 IONS 
by Erendra Manandhar 
December 2014 
A number of molecular probes have been designed and synthesized for the 
detection of Zn
2+
 and Fe
3+
 ions. Two types of functional groups have been incorporated 
into the molecular scaffolds to utilize different fluorescent mechanisms. The first class of 
receptors contains a pyrene moiety. These molecular probes use the excimer mechanism 
for the detection of Zn
2+
 ion. The probes work well in an organic solvent with a detection 
limit of 20 nM (one ppb). Alternatives are made to make them water soluble, but this 
proved to be difficult. An interesting ion-induced self-assembly system will also be 
discussed. 
The second class of molecules is based on the “Off-On” mechanism. The 
rhodamine dyes are used in these molecular probes. This system is found to be selective 
for Fe
3+
 ions in a mixed organic/aqueous system. A protocol has also been developed to 
distinguish between Fe
3+
 and Al
3+
 ions. One of the rhodamine dyes has also been shown 
to detect Fe
3+
 ion in bacteria.  
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CHAPTER I 
GENERAL INTRODUCTION 
Significance of Target Analytes 
The selective detection of Zn
2+ 
and Fe
3+
 ions is an area of current interest. They 
play important roles in many biological and environmental processes.
1, 2
 The following 
sections highlight the importance of these metal ions and their relevance to the 
dissertation. 
Biological importance of Zn
2+
 ion  
The Zn
2+ 
ion is the second most abundant transition metal in the human body after 
iron.
3
 There is total of two to three grams of Zn
2+ 
ions in an adult human body. It occurs 
as a divalent cation known to play diverse roles in biological processes (Figure 1.1).
4
 
More than 90% of the Zn
2+
 ions found in the body are classified as static and they play 
structural or catalytic roles in transcription factors, proteins (e.g., zinc finger proteins 
which bind specifically to DNA sequences), and enzymes (for example: lactase 
dehydrogenase, Copper or zinc superoxide dismutase).
4-7
 In addition to these tightly 
bound Zn
2+
 ions by proteins and enzymes, labile pools of Zn
2+
 ions are present 
throughout the brain and central nervous system where they are largely localized within 
the vesicles of zinc-dependent glutammatergic neurons. It is believed that the 
concentration of Zn
2+
 ion found in the nerve tissues is in the range of 0.1-0.5 mM.
8, 9
 
Within the brain tissue, Zn
2+
 ion is concentrated in the hippocampus, amygdala, 
neocortex, and olfactory bulb regions.
10
 However, the precise role of this labile zinc pool 
needs to be explored.
11
  
2 
 
 
 
 
Figure 1.1. Biological roles of divalent Zn
2+
 ions and its associated diseases.
9
  
Although Zn
2+
 ions plays a vital role in many biological processes, it has been 
linked with a number of diseases such as types I and II diabetes,
12
 Parkinson’s disease,13 
Alzheimer’s diseases,14 and epilepsy.12, 15, 16 Zinc is now recognized as an important 
factor in the regulation of apoptosis.
17
 The problem with the detection of free Zn
2+
 ions in 
the cell is the low abundance in the nanomolar range. Another challenge in detecting Zn
2+
 
ion is the electronic configuration of Zn
2+ 
(d
10
) leading to difficulties in monitoring Zn
2+ 
ions directly. Therefore, there is a real need to develop other spectroscopic means for 
detection of Zn
2+
 ions.
18
 
Biological importance of Fe
3+
 ion  
 Iron is another essential element and plays a major role in many biochemical 
processes at the cellular level such as oxygen metabolism, electron transfer, and DNA 
and RNA synthesis (Figure 1.2).
19
 Like the Zn
2+
 ion, most iron present in a biological 
system is tied up within a number of enzymes and proteins either for structural purposes 
or as a part of a catalytic site.
20
 However, a minor fraction of iron (generally called labile 
iron pools) is bound to some organic anions (phosphates, citrates, carbonates, and 
carboxylates), polyfunctional ligands (polypeptides and siderophores), and surface 
3 
 
 
 
components of membranes (phospholipids head groups).
19
 Both Fe
2+
 and Fe
3+ 
ions are 
present in labile iron and can undergo a redox cycle in the presence of molecular oxygen. 
The labile iron is a source for the metabolic reaction that occurs within the cell and is a 
site for the generation of highly reactive oxygen species such as hydroxy radicals via the 
Fenton reaction ( Scheme 1.1).
21, 22
  
Fe
2+
 + H2O2Fe
3+
 +OH
-
+OH
•
 
Fe
3+
 + O2
•-Fe2+ + O2 
O2
•-
+ H2O2O2+OH
-
+OH
•
 
Scheme 1.1. Generation of free radicals such as hydroxyl radicals via Fenton’s reaction.21 
 
The highly reactive radicals can interact with most of the biological materials 
including sugars, lipids, proteins, and nucleic acids resulting in perioxidative tissue 
damage.
23
 The reactive oxygen species (ROS) has been suspected to play a key role in the 
pathogenesis of neurodegenerative diseases such as Alzheimer’s,24 Huntington’s25 and 
Parkinson diseases.
26,
 
27
 Similarly, deficiency of Fe
3+
 ion is well known to cause anaemia, 
kidney and liver damages, diabetes, and heart diseases. But the labile bioiron is chelatable 
and therefore amenable for detection by metal sensing devices.
28
 
 
Figure 1.2. Biological roles of Fe
3+
 ions and its associated diseases.
2
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Environmental importance of Zn
2+ 
and Fe
3+
 ions  
Several industrial processes such as coal burning, gold-mining, cement 
manufacturer, and smelting of iron introduce heavy metals such as iron and zinc in 
mineral forms into the environment.
1, 29
 These metal ions are also introduced into the 
environment by naturally occurring phenomena such as oceanic and volcanic emissions. 
Both of these processes can be problematic for  environmental waste and pollution  
problems.
30
 Soils may become contaminated with the zinc from these processes. Zinc 
then  reduces the soil microbial activity resulting in a phototoxic effect, leading to reduce 
crop yields in agriculture.
1
 The levels of zinc greater than 500 ppm in soil affects the 
plant’s ability to absorb other essential metals such as iron and manganese.29 
Iron (in the form of Fe
3+
) is present in low concentrations in sea water because of 
its poor solubility. The total dissolved concentration of iron in sea water at pH 8.2 is 0.76 
nM, and the fraction of iron found as Fe
3+
 ion is two percent.
31
 This concentration is too 
low for microorganism growth: ideally the concentration should exceed 0.1 μM, 
magnitudes larger than actual iron availability.
32
 Thus, the low solubility of iron in sea 
water affects the growth of phytoplankton which in turn affects the ecosystem, carbon 
cycle, and fisherie’s productivity.33, 34 Uncontrolled growths of a number of harmful algal 
species such as Alexandrium tamarense in the sea are due to the higher concentration of 
Fe
3+  
ions.
35, 36
 
Current Techniques for the Detection of Zn
2+
 and Fe
3+
 Ions 
A number of techniques are available for the detection of Zn
2+
 and Fe
3+
 ions. Each 
technique has its advantages and disadvantages which are summarized in the Table 1.1.  
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Table 1.1  
Advantages and disadvantages of different techniques for detection of metal ions 
Techniques Advantages Disadvantages 
  
Atomic 
absorption 
spectrometry
37
 
 
1) Instrument is relatively 
simple and inexpensive.  
2) Widely used technique for 
the quantitative 
determination of metals at 
trace levels.  
3) Detection limit 0.1 to 100 
ppm (parts per million). 
4) Rapid analysis is possible. 
 
1) Limited to metal and 
metalloids. 
2) Sample preparation is tedious 
and time consuming.  
3) Sample is destroyed during 
analysis. 
4) Measured one element at 
time. 
5) Provide no information on 
the chemical form of the 
metals. 
 
Atomic 
Emission 
Spectroscopy 
(Fame 
photometry)
38
 
 
1) Simple and inexpensive. 
2) Useful for low ionization 
metals such as alkali and 
alkaline earth metals. 
3) Qualitative determination is 
also possible as each 
element emits its own 
characteristic line spectrum 
such as (K
+
=violet at 766 
nm, Li
+
=red at 670 nm, 
Ca
2+
=orange at 622 nm). 
4) Sensitivity is in ppm range.  
 
1) Required a large amount of 
samples. 
2) Intensity of emission is very 
sensitive to changes in flame 
temperature. 
3) Affects analysis by purity,   
fuel, and oxidant flow rates, 
solution viscosity and 
contaminants in the samples. 
4) The elements such as carbon, 
hydrogen and halides cannot 
be detected due to its non-
radiating nature. 
5) Difficult to obtain the 
accurate result of ions with 
higher concentration. 
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Table 1.1 (continued). 
Techniques Advantages Disadvantages 
 
Inductively coupled 
plasma mass 
spectroscopy 
 (ICP-MS)
39
 
 
1) Performs multi-element 
analysis. 
2) The high temperature and 
homogeneity of the 
source: it offers better 
signal stability and 
greater analytical 
precision. 
3) Sensitivity is in ppb 
range (parts per billion). 
 
1) Very expensive. 
2) Solids must require 
dissolution before analysis. 
3) Instrumentation is complex 
and requires high 
operator’s skill. 
4) Cannot detect halogens and 
noble gases. 
5) Additive interferences 
caused by ionized 
molecular species may 
occur. 
 
Voltammetry 
techniques
40
 
1) Portable, inexpensive, 
selective, and sample 
preparation is easy. 
2) Anodic stripping 
voltammetry, in 
particular,  is most widely 
used for trace metal 
determination and  has 
practical detection limit 
in ppt. 
1) Samples must be 
oxidizable or reducible in 
the range where the solvent 
and electrodes are 
electrochemically inert. 
2) Provides very little or no 
information on species 
identity. 
3) Unsuitable for light metals 
(Na, K, and Al) and 
inorganic elements (S, Br). 
 
 
 
X-ray fluorescent 
spectroscopy
41
 
1) Non-destructive and 
applicable to very small 
samples. 
2) Applicable to both solid 
and liquid samples. 
3) Simultaneous 
multielement 
determinations are 
possible. 
4) Rapid analysis are 
possible. 
5) Detection limit is 10-100 
ppm. 
1) Instruments are often large, 
complicated and costly.  
2) The sensitivity is limited by 
matrix absorption, 
secondary fluorescence and 
scattering of the particles. 
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The methods described are often sophisticated, cumbersome, and impractical for 
on-site testing. These instruments are often expensive to run; however, they can detect in 
the ppb (parts per billion) and ppt (parts per trillion) range which make them very 
sensitive. Therefore, the development of less expensive methods that utilize smaller, 
more portable instruments for the sensitive detection of trace elements is desirable for 
example, optical spectroscopy, which is a very attractive approach. 
Optical Spectroscopy 
There is a continuous need for an analytical method to be simple, faster, and 
reliable for the detection of metal ions. Optical spectroscopy is of particular interest as it 
provides the basis for sensitive and inexpensive methods for detection. Optical 
spectroscopy is a group of spectroscopic analytical techniques that measures the intensity 
and wavelength of radiation absorbed and/or emitted by the sample. Optical spectroscopy 
includes both absorption spectroscopy and luminescence (photoluminescence and 
chemiluminescence) spectroscopy. Luminescence covers several techniques that involve 
the emission of radiation by either atoms or molecules, but varies in the manner in which 
the emission is induced. The theory behind optical spectroscopy can be highlighted with a 
Jablonski diagram (Figure 1.3).
38
  
Jablonski diagram  
Once a molecule absorbs energy in the form of electromagnetic radiation, it is 
excited from ground state (S0) to one of the higher electronically excited states (S1, S2, 
and S3) (Figure 1.3). The absorption process is fast and occurs in the range of 10
-14
-10
-16
 
s. The molecule in the higher excited state quickly loses its excess vibrational energy in 
the form of heat to surrounding and reach the lowest vibration level of the first electronic 
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state (S1). This process is known as “internal conversion.” This occurs between the 
electronic states that have the same spin multiplicity, from singlet to singlet or triplet to 
triplet states. Internal conversion from S1 to S0 is often not possible because of large 
energy gaps between those two electronic states. Once the molecule is in the first 
electronic state, it can return by many ways to the ground state. The emission of photons 
from the first electronic state (S1) to ground state (S0) is called fluorescence. It generally 
occurs in the range of 10
-8
-10
-10
 s. and emits at higher wavelength than absorption 
spectrum due to the loss in energy by internal conversion and vibrational relaxation. The 
difference between the maximum of the first absorbance band to the maximum of the 
fluorescence is called the Stokes shift. The first electronic state can change to a triplet 
excited state through intersystem crossing when they have relatively close energy. The 
emission of light from this triplet excited state to ground state is called phosphorescence. 
The relaxation time for phosphorescence is in the second time period, a lot slower than 
the fluorescence.
42
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Figure 1.3. Simplified Jablonski diagram. The sequence of events leading to fluorescence 
and phosphorescence are shown. S0 is the ground state, S1 and S2 are excited singlet 
states; T1 is an excited triplet state. 0, 1, 2 represent vibration levels. Straight lines 
represent transition involving photons, dotted lines represent vibrational or thermal 
transitions.
43
 
 
Chemiluminescence (CL) 
Another technique is when the excitation source is produced from a chemical 
reaction. When this happens, the process is called chemiluminescence. CL involves both 
chemical reaction and a luminescence process. One important requirement for CL is that 
the reaction must be exothermic to produce sufficient energy to produce the electronically 
excited state. Therefore, most CL reactions use oxygen, hydrogen peroxide, or similar 
reactive species as potential oxidants. Some useful reagents for solution phase CL are 
luminol, acridinium esters, aryl oxalates, dioxetanes, and tris(2,2’-bipyridyl)ruthenium 
(III) or Ru(bpy)3
3+
.
44-47
 
The advantages and disadvantages of the three techniques (UV-Vis, fluorescence, 
and chemiluminescene) are discussed below in Table 1.2. 
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Table 1.2 
Advantages and disadvantages of UV-Vis, fluorescence, and chemiluminescence 
Techniques Advantages Disadvantages 
 
UV-Vis 
absorption
38, 48
 
  
1) Simple, portable, and inexpensive. 
2) Most organic molecules absorb     
UV-Vis light. 
3) Quantitative (Beer’s law).  
4) Nondestructive, and naked eye 
detection of analytes. 
5) Rapid analysis is possible.  
 
 
1) Mixture of molecules 
can be a problem due 
to overlap of 
absorption bands. 
2) Spectra are not highly 
specific for particular 
molecules. 
3) Sensitivity is low (can 
detect only up to micro 
molar concentration). 
4) Must follow Beer 
Lambert law. 
5) Light scattering can 
limit the precision of 
measurement. 
Fluorescence
38, 
42
 
 
 
 
1) More sensitive than UV-Vis 
absorption (can detect pico, femto or 
even to a molecular level). 
2) Simple, portable, and inexpensive. 
3) Non destructive.  
4) More specific than UV-Vis 
absorption (only fluorescent 
molecule detected). 
5) Applicable to remote analysis using 
fibroptics or laser sources (e.g., 
atmospheric remote sensing). 
6) Selection of emission and excitation 
wavelength allows selectivity 
control. 
7) Adjustment of source intensity 
allows sensitivity control. 
8) Rapid analysis is possible  
9) Information content of measurement 
is high (Polarization, decay times as 
well as spectral data). 
1) Samples containing 
mixture of substances 
cannot be analyzed. 
2) Very few molecules 
are naturally 
luminescent. 
3) More complicated 
equipment required 
compared to UV-Vis 
absorption. 
4) Accuracy and 
precision are generally 
lower than those of 
UV-Vis. 
5) Highly susceptible to 
multiplicative, and 
additive interferences 
unless specialized 
techniques are used. 
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Table 1.2 (continued). 
Techniques Advantages Disadvantages 
 
Fluorescence
38, 42
 
 
 
 
 
10) More sensitive than UV-Vis 
absorption (can detect pico, 
femto or even to a molecular 
level). 
11) Simple, portable and 
inexpensive. 
12) Non destructive.  
13) More specific than UV-Vis 
absorption (only fluorescent 
molecule detected). 
14) Applicable to remote analysis 
using fibroptics or laser 
sources (e.g., atmospheric 
remote sensing). 
15) Selection of emission and 
excitation wavelength allows 
selectivity control. 
16) Adjustment of source 
intensity allows sensitivity 
control. 
17) Rapid analysis is possible  
18) Information content of 
measurement is high 
(Polarization, decay times as 
well as spectral data). 
 
 
6) Samples   containing 
mixture of substances 
cannot be analyzed. 
7) Very few molecules are 
naturally luminescent 
8) More complicated 
equipment required 
compared to UV-Vis 
absorption. 
9) Accuracy, and precision 
are generally lower than 
those of UV-Vis.Highly 
susceptible to 
multiplicative, and 
additive interferences 
unless specialized 
techniques are used. 
Chemiluminescen
ce
44-47
 
1) Simple, rapid, and 
inexpensive.  
2) Highly sensitive, and 
detection limit in the range of 
pico to femto molar 
concentration. 
3) No external source is 
required for excitation as 
compared to UV-Vis, and 
fluorescence. 
4) No scattering or background 
photoluminescence signal.  
1) Limited to relatively few 
analytes. 
2) Lack of selectivity (a CL 
reagent may yield 
significant emission not 
for just one unique. 
analyte) is major problem. 
3) Sensitive to temperature, 
solvent, ionic strength, 
pH, and other species 
present in the system. 
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Table 1.2 (continued). 
Techniques Advantages Disadvantages 
 
Chemiluminescen
ce 
 
5)   No problems related to 
instability of the 
external source. 
Reduction of 
interferences due to a 
nonselective excitation 
process, and simple 
instrumentation. 
 
4)   The reaction is destructive for    
both analyte and CL reagent. 
5)    Reagents and solvents must           
be of highest purity as the 
impurities can cause a 
nonspecific background signal 
that degrades assay sensitivity 
5) Not applicable for remote 
sensing as in fluorescence. 
6) Cannot be used for 
multicomponent 
determinations on mixture of 
analytes without a separation 
step. 
 
Chemosensors 
 
Chemosensors are molecular devices that transform chemical information into 
measurable signals in the presence of target analyte.
49
 Since the two different processes 
occur during an analyte detection i.e., molecular recognition and signal transduction, 
chemosensors are usually designed based on the “classic” reporting unit-spacer-receptor 
principle (Figure 1.4).
50
 The receptor is responsible for the binding of an analyte, while 
the reporting unit e.g., chromophore or fluorophore changes its properties upon 
coordination with the analyte. The spacer can establish the geometry of the system and 
tune the electronic interaction between the two active moieties. The three components in 
the “classical” chemosensor are all key in the design of successful molecular probes. 
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Figure 1.4. Fluorophore/chromophore-spacer-receptor probe. 
The sensing motif 
This functional group produces a change in spectroscopic signal upon the 
detection of an analyte. A sensing motif is typically a fluorophore or chromophore that is 
highly conjugated and is rigid and planar. Common fluorophores or/and chromophores 
used as sensing motifs include pyrene, rhodamine, fluorescein, and coumarin whose 
structure, the maximum absorbance and emission are shown in Figure 1.5. 
 
 
 Figure 1.5. Different sensing motifs commonly used in design of chemosensors, 
highlighting the absorbance, emission, and excitation wavelength. 
 
Optical properties of pyrene  
Pyrene is one of the most commonly used fluorogenic probes in the design of 
chemosensors. This is due to pyrene’s unique properties which are extremely sensitive to 
the polarity of local environment.
51, 52
 Pyrene has three strong UV-Vis absorbance bands 
at 338, 323, and 340 nm, and the fluorescence monomer emission is seen between 380 
nm and 420 nm. In addition to the monomer emission, pyrene can form excimers (see 
Signaling unit Binding unit Analyte 
Tranduced signal         Bound analyte 
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below) generally located between 410-480 nm depending on the distance between pyrene 
moieties, through which structural information can be analyzed.
53
 This monomer-excimer 
equilibrium has been used as a sensing principle in several pyrene-based receptors to 
study the conformation changes in host-guest recognition.
54-56
  
An excimer, as defined by Berk, is a dimer that is associated in the excited state 
but dissociated in the ground state.
57
 This is a non-radioactive process which can occur 
between non-covalent molecular complexes, forming either an exciplex or excimer, 
between different molecules or the same molecule, respectively. The absorption/emission 
band associated with the excimer/exciplex will occur at a longer wavelengths that is 
significantly different, often a rather broad featureless transition over a wide range of 
wavelengths (Figure 1.6).
58
 To be more specific, there are two different types of 
excimers: dynamic (Ed) and static (Es). Dynamic excimer (Ed) is the dimeric molecular 
photo association which results from the collision of a molecule in its lowest singlet 
excited state with an identical molecule in the ground state (Figure 1.7A). The lifetime of 
M* (excited state monomer) is relatively long to allow its diffusive encounter with M 
(ground state monomer). Static excimer results from the excitation of a ground state van 
der Waals dimer (ground state dimer) M∙∙∙∙∙M formed by π–π stacking or hydrophobic 
interaction in water. The two molecular components of dynamic excimers are free to fully 
overlap in comparison to static excimers which are maintained together by other 
interactions which may not maximize their overlap. Hence static excimer has lower 
stabilization energy than dynamic excimer and occurs at higher energy than dynamic 
excimer (Figure 1.7B).
59, 60
 The static and dynamic excimers can be differentiated by two 
ways. The first one is an excitation experiment in which the excitation spectra of the 
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system under study will be broadened and bathochromically shifted in the Es state. This is 
not seen in the Ed state, i.e., the excitation spectrum for a dynamic excimer will be the 
same as the monomer maximum emission wavelength. The second is time resolved 
experiment in which the time-dependent excimer emission profile shows a rising profile 
for a dynamic system but not for static excimer. The radiative lifetime of the monomer 
and excimer of pyrene were found to be 680 and 690 nanoseconds, respectively.
61, 62
 
One important factor that needs to be considered while working with the pyrene 
based sensors is concentration, especially if one is investigating conformational changes 
induced by guest binding. The excimer must be formed through intramolecular 
interaction rather than intermolecular interaction between the pyrene units of different 
molecules. When the concentration of the solution is significantly high (millimolar to 
molar), a false positive can be observed as the excimer emission band, possibly due to the 
interaction between two adjacent molecules in the solution rather than the host–guest 
complex. This can be easily ruled out by carrying out dilution experiments. However, if 
excimer formation is seen at very low concentrations, for example nanomolar, this can 
lead to highly sensitive molecular receptors and detect analytes at low concentrations.
53
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Figure 1.6. (A) Emission spectra of pyrene, and its eximer. As the concentration 
decreases (6 mM to 0.09 M) the eximer band at 490 nm loses intensity, and (B) the 
emission spectrum of monomer, and exiplex.
53
 
 
 
 
Figure 1.7. Potential energy diagrams for (A) pyrene excimer formation M–M*⁄ in the 
absence of ground state dimerization, and (B) for the GSD excimer, showing the Ed, and 
Es “Reprinted with permissioin from Winnik, F. M., Photophysics of preassociated 
pyrenes in aqueous polymer solutions and in other organized media. Chem. Rev. 1993, 
93, 587-614.Copyright 1993 American Chemical Society.” 
 
Optical properties of rhodamine 
 
Rhodamine belongs to the family of xanthene (highlighted in red color in Figure 
1.8) and has excellent photophysical properties, which displays absorption and emission 
bands in the visible region of electromagnetic spectrum (550- 600 nm).Rhodamine 
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derivatives have high extinction coefficient (1.2×10
5
 M
-1
 cm
-1
), high fluorescence 
quantum yield (Ф=0.53 for cationic form and 0.70 for zwitterionic form in EtOH), and 
high photo stability against light. Different substitutions patterns on the xanthene ring 
lead to different photophysical behavior.
63
 The fluorescence quantum yields of 
rhodamine 6G and rhodamine 101 are identical, close to unity and nearly temperature and 
solvent independent.
64
 The main difference between the two dyes is in the substitution of 
the amino group. Rhodamine101 has the nitrogen atoms rigidly linked to the xanthene 
ring whereas rhodamine 6G has free amine nitrogen secondary substituents with only one 
alky group. In contrast, in rhodamine B with two alky groups at each nitrogen atoms, the 
fluorescence quantum yields depends on the temperature, viscosity, and solvent polarity. 
At low temperature, its fluorescence quantum yields is close to unity as for rhodamine 6G  
and rhodamine 101.
65
 The fundamental reason behind this variation is not well 
understood. Different mechanisms have been proposed to explain the photo physic of 
rhodamine B such as amino group rotation hindered by solvent viscosity, amino NH 
vibration, and the formation of twisted intramolecular charge transfer state.
66
 
 
 
Figure 1.8. The rhodamine motif, the xanthene unit is highlighted in (Red) and 
numbering system utilized in IUPAC.
67
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pH effect on the rhodamine molecule 
The pH at which rhodamine probes can operate is a very important factor, 
together with polarity.
67
 The absorption spectra of very dilute solutions of rhodamine B 
as a function of acidity is sown in Figure 1.9.
68
 Absorption band one is indicative of the 
zwitterionic form of rhodamine B and is believed to exit between pH 4-13 (Figure 1.10). 
The lactone ring opens in polar solvents (alcohol, acetone, or water to form a zwitterion 
R
+-
). Absorption band two represents the cationic form of rhodamine B and is believed to 
exist between pH 1-3. The carboxyl anion of zwitterion R
+-
 is protonated when the pH is 
lowered to 3. Absorption band two is almost identical to absorption band one but shifted 
by 3 mµ to longer wavelength. It is possible to protonate the tertiary nitrogen atoms 
below pH 1 to form structure RH2
2+
. This additional proton hinders the resonance in one 
ring which forms an orange color and is represented by absorption band three (Figure 
1.9). Concentrated sulphuric acid can protonate the second nitrogen atom giving structure 
RH3
3+
. It is represented by absorption band four and has yellow color. Absorption band 
five is the colorless solution of rhodamine in non-polar solvents like benzene and ether 
(Figure 1.10), typical of aromatic benzene system. 
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Figure 1.9. Absorption spectra of dilute solutions of rhodamine B (10 μM).Absorption 
band one=1.0 M KCl, 0.03 M NH3; Absorption band two=1.0M KCl, 4 mM HCl; 
Absorption band three= 5.0 M HCl; Absorption band four= concd.H2SO4; Absorption 
band five= benzene. “Reprinted with permission from Ramette, R. W.; Sandell, E. B., 
Rhodamine B equilibriums. J. Am. Chem. Soc. 1956, 78, 4872-8. Copyright 1956 
American Chemical Society.” 
 
 
Figure 1.10. The rhodamine B species that exist under different pH conditions.
67, 68
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Mechanism for rhodamine-based chemosensor 
All of the chemosensors that incorporate the rhodamine spirolactam molecule are 
non-fluorescent and colorless because of the lack of conjugation in the closed ring forms. 
The spirolactam ring opens upon binding with suitable metal ions or in the solution of 
strong acid (pH 1-3) as previously discussed (Figures 1.9 and 1.10). The ring opening 
brings back the conjugation to the system producing a strong fluorescence emission and a 
pink color (Scheme1.2).
69
 Therefore, this motif can be used as an “Off-On” fluorescent 
sensor. 
 
Scheme 1.2. Spirolactam ring-opening process of rhodamine derivatives.
69
 
Receptors (A binding site)  
The binding site is the part of chemosensor that will coordinate to the metal ion. It 
is a region of the molecule that has the correct size, shape, geometry, and complimentary 
functionalities to interact with the other molecule through both non-covalent interaction 
and coordinate covalent bonds. The nature of binding site depends upon the analyte of 
choice, i.e., a cation, anion, or neutral species. The binding site has to be complimentary 
to the “guest” species but be able to bind ions efficiently with a high degree of 
thermodynamic stability which usually depends upon the characteristics of the ions such 
as ionic radius, charge density, coordination number, oxidation states, and polarazability. 
In summary, binding sites of the molecular probe must be complementary to the guest in 
21 
 
 
 
terms of size, shape, and chemical properties to have “strong” and selective binding. For 
example, a classical example is the crown ether which has oxygen atoms (e.g., [18] 
crown-6) that can coordinate to the alkali metal ion (e.g., K
+
) more strongly (log K = 6.08 
in CH3OH) than the azamacrocylces (e.g., diaza [18] crown-6) which have softer nitrogen 
atoms (log K =2.04 in CH3OH).
70
 A chemosensor with two or more binding sites 
connected by covalent bonds forms a more stable complex than with the similar system 
that are not connected due to the chelate effect.
70, 71
 The stability of host guest can further 
be enhanced by preorganising the host molecules. It is defined as the host having a series 
of binding sites which do not require a significant conformational change to bind a guest 
to form more stable complex. Examples of preorganized hosts are mostly cyclic in nature 
for example crown ethers, cryptands, and cavitands (Figure 1.11).
70, 72
 
Cation binding motifs  
The Lewis basic nature of an atom is an effective way to coordinate metal ions. 
Crown ethers, aza crowns, cryptands, and imines contain nitrogen and oxygen atoms 
which are used to coordinate metal ions. For examples, triazole and schiff base are used 
as cation binding sites for coordination of metal ions (Figure 1.11). 
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Figure 1.11. Common binding motifs utilized in receptors design.
73
 
The triazole motifs  
The triazole functional group has been used as a cation binding site in number of 
chemosensors.
74
 It is often synthesized from a azide functional group and alkyne using 
the so called  “Click’”reaction (Scheme 1.3).75 Additionally, the “Click” reaction is an 
efficient way to connect a fluorophore group and receptors in favorable geometry.
76
 It has 
molecular dimensions and planarity similar to the amide bond and coordinative properties 
similar to substituted imidazole.
77-79
 The basicity of nitrogen at third position is suitable 
for binding metals, for example Zn
2+
 ions. It has also been shown that the proton attached 
to carbon 5 (Scheme 1.3) can act as an effective hydrogen bond donor for anions.
80-82
 
 
Scheme 1.3. Cu (I)-catalysed azide-alkyne cycloaddition to afford a 1,4-subsituted 1,2,3-
triazole.
83
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Fluorescent Mechanism for Ion Sensing 
Now the scene has been layed out concerning the design of the molecular probe 
that incorporates a fluorophore. The final part is to introduce the types of fluorescence 
mechanism that are used for the molecular probes.There are several mechanisms that are 
well known to play an important part in sensing. These include:  
 Photoinduced Electron Transfer (PET): This includes CHEF, CHEQ, and heavy 
atom effect. 
 Photoinduced Charge Transfer (PCT)  
 “On or Off” excimer emission 
 Fluorescence resonance energy transfer (FRET) 
Photoinduced Electron Transfer (PET) Mechanism 
 In this mechanism, the metal ion receptor acts as an electron donor while the 
fluorophore acts as an electron acceptor. Upon excitation by photon, an electron of the 
fluorophore is promoted from highest occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO) which enables PET from the HOMO of the donor 
(binding sites) to that of the fluorophore, causing fluorescence quenching of the latter. 
But after binding the target analyte (metal ion, anion, or neutral species), HOMO of 
donor becomes lower in energy than the fluorophores moiety and the PET process is no 
longer possible, and the chemosensor begins to fluoresce. In other words, enhancement of 
fluorescence takes place upon binding with the analyte.
84
 Many fluorescent sensors 
utilize this mechanism (Figure 1.12).
85 
In the case of metal ion binding, this effect is 
called chelation-enhanced fluorescence (CHEF).
86, 87 
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However, the coordination of metal ions such as Fe
3+
, Cr
3+
, Cu
2+
, Hg
2+
, and Pb
2+
 
ions does not induce CHEF but quenches the fluorescence. This is known as a chelation-
enhanced quenching effect (CHEQ).
88, 89
 There are many ways in which metals can 
quench the fluorescence. The metal ions such as  Hg
2+
 and Pb
2+
 ions, due to spin-orbit 
coupling, can enhance the intersystem crossing from the excited state to the 
corresponding excited triplet state, known as the heavy atom effect, whereby the 
fluorescence is quenched by non-radiative decay.
90
 While the quenching of fluorescence 
by redox active species such as Fe
3+
 and Cu
2+  
ions can be a consequence of their empty 
d-orbitals which can accept an electron donated by the excited fluorophore.
88, 91
  
 
 
 
 
 
 
Figure 1.12. Principle of cation recognition by fluorescent PET sensors.
84
 
Zheng et al. report a PET-based chemosensor (1.1) for Al
3+
 ions by using 1,2-
dihydroxyanthraquinone as the fluorophore and a conjugated N,N-bis(2-
phenylthioethyl)amine as the chelating unit.
92
 Compound 1.1 exhibited a maximum 
absorbance band at 446 nm in EtOH:H2O (1:1, v/v). Upon addition of 2.5 equivalents of 
Al
3+
 ions, absorbance bands at 395 and 600 nm decreased, but an increase at 504 nm was 
Fluorescent 
hv" 
ET hv 
Metal ion 
Nonfluorescent 
ET 
hv’ 
hv 
Binding site Fluorophore 
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seen with three clear isobestic points at 446, 579, and 650 nm. The isobestic point implies 
the conversion of the free compound 1.1 to a single Al
3+
 species, means that there are two 
distinct species in equilibrium. Compound 1.1 shows no fluorescence emission over the 
entire pH window. This is because the PET derived from the sulfur donor to the 
fluorophore is always switched on even the PET process from a nitrogen donor was 
blocked by protonation or intramolecular hydrogen bonding in lower to neutral pH. 
While under basic condition, the PET from both the nitrogen and sulfur donate the 
electron density to the fluorophore which was subsequently switched on due to 
deprotonation of the phenyl hydroxyl group leading to a complete quenching of the 
fluorescence. Upon binding of Al
3+
 ion, a significant fluorescence enhancement which 
turns on the signal with ratios over 100-fold was achieved by the inhibition of the PET 
mechanism from both the sulfur and nitrogen donors to the fluorophore. The response of 
1.1 to the other metal ions was also studied (Ag
+
, Ca
2+
, Cd
2+
, Co
2+
, Cr
3+
, Cu
2+
, Fe
3+
, Hg
2+
, 
K
+
, Mg
2+
, Na
+
, NH4
+
, Ni
2+
, and Zn
2+
), but no fluorescence emission was seen. The 
association constant (K11) of 1.1 with Al
3+
 ion was calculated to be  8.8 ×10
3
 M
-1
 by 
nonlinear least-square analysis with a detection limit of 5.0×10
-7 
M (13 ppb) (Scheme 
1.4).  
 
Scheme 1.4. Proposed binding of compound 1.1 with Al
3+
 ion.
92
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Photoinduced Charge Transfer (PCT) Mechanism 
When both electron donating and electron withdrawing groups are present in the 
same fluorophore, intramolecular charge transfer takes place from donor to the acceptor 
upon excitation of light. This makes the change in the dipole moment, and its effect is 
seen as a bathochromic (red direction) or hypsochromic (blue direction) shift in the 
absorption and emission bands of the spectra, and there are changes in the extinction 
parameters too. Thus, close interaction of donor or acceptor moiety with cation or anion 
will change the photo physical-properties of the fluorophore. Coordination of an electron 
donor group with a cation decrease its electron donating character  which results in the 
reduction of conjugation causing a blue shift of the absorption spectrum together with a 
decrease of the molar absorptivity. Conversely, coordination of electron withdrawing 
group with cation enhances its electron-withdrawing character resulting in a red shift of 
the absorption band and increase in molar absorptivity.
93, 94
  In principle, the fluorescence 
spectra are shifted in the same direction as those of the absorption spectra. In addition to 
these shifts, changes in quantum yields and lifetimes are often observed. All of these 
photophysical effects are obviously dependent on the charge, and the size of the cation 
and selectivity of these effects are expected (Figure 1.13).
95 
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Figure 1.13. Spectral displacements of PCT sensors resulting from interaction of a bound 
cation with an electron-donating or electron-withdrawing group.
96
 
Nagano et al. have designed and synthesized fluorescent molecule (1.2) for 
sensing Zn
2+ 
ion
 
by using 4-amino-1,8-naphthalimide as a fluorophore and a N,N,N’,N’-
tetrakis(2-pyridylmethyl) ethylenediamine (TPEN) derivative as a Zn
2+
 ion binding site.
97
 
Compound 1.2  is the first Zn
2+
 ion sensitive off–on fluorescent sensor based on the 
internal charge transfer (ICT) mechanism on a 4-amino-1,8 naphthalimide. Compound 
1.2 showed a one major absorption band at 437 nm, and no fluorescence emission was 
seen at 507 nm (Ф=0.039) in HEPES buffer (100 mM, pH 7.4). The addition of Zn2+ ions 
to 1.2 gives a green fluorescence at 507 nm (Ф=0.942) and characteristic absorption band 
at 380 nm. The addition of one equivalent of Zn
2+
 ions increases the fluorescence 
emission intensity of 1.2 (5 mm) by more than 20 times with a blue shift of 57 nm. The 
fluorescence emission of compound 1.2 was not changed between pH of 3-9 indicating 
that the fluorescence increment of 1.2 upon addition of Zn
2+ 
ions
 
was not due to PET 
mechanism but instead by an ICT mechanism. This ICT mechanism is further confirmed 
by the low quantum yield of [Zn (1.3a)]
2+
 (Ф=0.016) and [Zn (1.3b)]2+ (Ф=0.392) which 
Interaction with donor group 
∆E1 <∆E2 
∆E2 
∆E1 
D A 
A D 
Blue shift 
Interaction with acceptor group 
 Red shift 
∆E4 <∆E3 
∆E4 
∆E3 
A D 
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have different electron donating substituent’s at the fourth position of 1,8-naphthalimide. 
Compound 1.2 showed high selectivity for Zn
2+
 ion over other metal ions (Na
+
, K
+
, Ca
2+
, 
Mg
2+
, Mn
2+
, Fe
2+
, Fe
3+
, Co
2+
, Ni
2+
, and Cu
2+
). However, Cd
2+
 ion did show a small 
spectroscopic response, presumably due to the similar chemistry as Zn
2+
 ions. The 
dissociation constant, K11, for Zn
2+
 ion was calculated to be 1.1 nm at pH 7.4 in a high 
salt environment (100 mM HEPES buffer, I = 0.1 M (NaNO3)). The biological 
application of 1.2 was also investigated in cultured HeLa cells. The HeLa cells were 
incubated with compound 1.2 only showed a fluorescence signal which could possibly 
due to the solvatochromic properties of 1.2. The intracellular fluorescence was increased 
on addition of a Zn
2+
 ion and zinc-selective ionophore, pyrithione (2-mercaptopyridine 
N-oxide, 5 mm) to the medium and decreased on addition of the cell-membrane-
permeable chelator TPEN (100 μM). Thus, compound 1.2 can be used to reversibly 
monitore changes in intracellular ionic Zn
2+
 ion. 
 
Figure 1.14. Structures of compounds 1.2, 1.3a, and 1.3b.
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“On or Off” excimer emission  
When a molecular receptor incorporates a pyrene or anthracene group, a 
structureless broad band known as excimer is formed at longer wavelengths in addition to 
a monomer emission due to close interaction of its excited state with ground state which 
has been previously discussed (Figures 1.6 and 1.7). An excimer may also form from an 
excited monomer if the interaction takes place within the lifetime period of the latter. 
Thus, excimers are possible to form by relatively long-lived monomer excited states. The 
ratio of the fluorescence intensities correspond to monomer and excimer emission on 
molecular mobility and microviscosity. When a molecular receptor contains two 
fluorophores whose mutual distance is affected by cation/anion coordination, recognition 
of this cation/anion can be monitored by the monomer/excimer fluorescence-intensity 
ratio. Cation binding may favor or hinder excimer formation. In any case, such a 
ratiometric method  can allow self-calibration measurement and is of great interest for 
practical applications.
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Kim et al. have developed fluorescent chemosensor 1.4 for  Cd
2+ 
and Zn
2+
  ions 
by modifying the bottom rim of a calix[4]arene with a 1,2,3-triazole using click 
chemistry.
98 
Compound 1.4 (6 µM) shows both monomer and excimer emissions at 395 
nm and 476 nm, respectively, upon excitation at 343 nm in CH3CN. The changes in 
fluorescence were studied by adding perchlorate salts of metal ions such as Li
+
, Na
+
, K
+
, 
Rb
+
, Cs
+
, Mg
2+
, Ba
2+
, Ca
2+
,Sr
2+
, Ag
+
, Cu
2+
, Zn
2+
, Cd
2+
, Hg
2+
, and Pb
2+
. Addition of Zn
2+
 
or Cd
2+ 
ions enhanced the monomer emission but reduced excimer emission in the 
ratiometric manner showing two triazole units as efficient metal ion binding sites. The 
calculated binding constant was K11= 5.2×10
4   
and 1.7×10
4 
M
-1
 for Cd
2+
, and Zn
2+
 ions, 
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respectively. The quantum yield of compound 1.4,   [Cd (1.4)]
2+
, and [Zn(1.4)]
2+
 
referenced to anthracene, were determined to be 0.229, 0.267, and 0.258, respectively.
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A model compound with only one pyrene was also prepared but did not show any 
significant spectral change which confirms that the excimer formation is due to a 
intramolecular formation as opposed to intermolecular formation (Scheme 1.5).
  
 
Scheme 1.5. Proposed structure for binding Zn
2+
 ions by compound 1.4.
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  A pyrene-based derivative bearing an azadiene group 1.5 was synthesized by Yao 
and co-workers as a ratiometric chemosensors for Hg
2+ 
ion in aqueous CH3CN 
solution.
100
 Compound 1.5 shows three pyrene absorption bands at 238, 283, and 326 nm 
in CH3CN. A new red shifted band was formed at 442 nm on addition of one equivalent 
of Hg
2+
 changing the color from colorless to pale yellow. A red shift from monomer (406 
nm) to excimer (462 nm) was also observed in the fluorescence emission upon addition 
of Hg
2+
 in CH3CN:HEPES buffer (50 mM, pH= 7.2).This observation implies that a 
coordination of 1.5 with Hg
2+
 ions presumably changed the structure of compound 1.5  to 
stacked or folded conformation resulting in the switch of the pyrene monomer emission 
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to an excimer emission. Other metal ions (Na
+
, K
+
, Mg
2+
, Ca
2+
, Cd
2+
, Mn
2+
, Fe
3+
, Ni
2+
, 
Ag
+
, Pb
2+
, Co
2+
, and Cr
3+
)  were also investigated but showed weak response as 
compared to Hg
2+
. The association constant  of  1.5  with Hg
2+
 ion was calculated to be 
4.3 ×10
5
 M
-1
  with detection limit of  2×10
-7
 M (40 ppb). The mode of coordination was 
also confirmed by 
1
H NMR spectroscopy whereby the imine protons were shifted by 1.22 
ppm in the downfield, and ether-methylene protons shifted to up field by 0.12 ppm on 
coordination of Hg
2+
 ion. On the basis of the 
1
H NMR spectroscopy, the plausible 
binding mechanism of 1.5   is shown in Scheme 1.6. 
 
Scheme 1.6. Proposed structure for binding Hg
2+
 ions by compound 1.5.
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  Das et al. has recently synthesized a molecular probe for Ni
2+ 
 ions which induced 
intramolecular excimer formation of a naphthalene fluorphore.
101
 Compound 1.6 shows a 
monomer emission at 345 nm, characteristic of a naphthalene moiety with a low quantum 
yield (Φ=0.011) in DMSO:H2O (1:1, v/v, ex = 280 nm). The addition of Ni
2+
 ions 
quenched the monomer emission of the naphthalene moiety, but increase in the intensity 
of excimer emission at 430 nm with isoemissive point at 381 nm was seen. The quantum 
yield of excimer emission at 430 nm is (Ф = 0.02) after addition of Ni2+ ions. The 
naphthalene excimer formation is attributed to the syn conformation of two naphthalene 
rings of 1.6 in the presence of Ni
2+
 ions. The difference in the excitation spectra and the 
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fluorescence lifetime measurement showed the emission at 430 nm is a static excimer 
(Figures 1.6 and 1.7) of naphthalene. The compound is selective for Ni
2+
 ion as other 
metal ions did not produce any emission at 430 nm. Compound 1.6 can detect Ni
2+
 ion as 
low as 1×10
-6
 M (58 ppb) with a fairly strong binding constant 2.0×10
4
 M
-1
.
 1
H NMR 
titrations also supports the Ni
2+  
ion induced excimer formation of 1.6 as the up field 
shifts (~ 0.01 ppm) were observed for all aromatic proton of 1.6 after addition of Ni
2+
 
ions. Compound 1.6 is also tested for its biological application in living cells of 
Allamanda puberula whereby fluorescence microscopy of both Ni
2+ 
ion contaminated 
and free cell incubated with  compound 1.6  showed that fluorescence is enhanced in the 
Ni
2+
 ion contaminated living cells. Compound 1.6 can permeate living cells without any 
effect as the cells remain alive even after 30 minutes of exposure to compound 1.6 at 10 
μM (Scheme 1.7). 
 
Scheme 1.7. Proposed structure for binding Ni
2+
 by compound 1.6.
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Recently Das also synthesized an Al
3+
  ion probe (1.7) by the condensation of 4,5-
diaminopyrimidine with1-pyrenecarboxaldehyde.
55
 The structure of 1.7 was confirmed 
by single crystal X-ray analysis. The fluorescence spectrum of free 1.7 (5 µM, DMSO-
H2O (4:1), 0.1 M HEPES buffer, pH 7.4, ex = 330 nm) shows emission bands at 368 and 
445 nm, attributed to the pyrene monomer and excimer emission bands, respectively. 
Addition of 1.7 equivalents of Al
3+
 ions to the solution of 1.7 leads to a significant 
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decrease of its monomer emission along with a considerable increase of the excimer 
emission at 445 nm with an isoemissive point at 386 nm. The values of I445/I368  is about 
four folds increase with about twenty fold increase of the fluorescence quantum yield [Φ 
(1.7) = 0.0025, Φ [Al (1.7)2]
3+ 
= 0.0522]. In the UV-Vis spectrum, the addition of Al
3+
 
ions to 1.7 increased the absorption bands at 250-310 nm and decreased the absorption 
bands at 410 nm with a color change form yellow to colorless. Other  metal ions studied 
such as Na
+
, Mg
2+
, Ca
2+
, Cd
2+
, Cu
2+
, Zn
2+
,  Hg
2+
,  Mn
2+
, Fe
3+
, Ni
2+
, Ag
+
, Pb
2+
, Co
2+
, and 
Cr
3+
 (as their nitrate salts) did not show any significant effects. Compound 1.7 can 
respond to Al
3+
 ion
,
 as low as 0.2 µM (6 ppb) of which is far below the WHO acceptable 
limit of 1.8 µM (50 ppb) in drinking water. The binding constant was calculated to be 
1240 M
-1/2
.  Binding of 1.7 with Al
3+
 ion was further studied by 
1
H NMR and 
13
C NMR. 
Upon addition of Al(NO3)3,  the protons assigned to NH2 group are shifted in a downfield 
direction by 0.2 ppm while the protons of pyrene changes their multiplicity with a slight 
up field shift supporting the formation of excimer.
102
 In 
13
C NMR, the signals for the 
imine (C = NH) group shifted to up field by 1.5 ppm, and the signal for carbon attached 
to amine (NH2) group is shifted to downfield by 0.5 ppm on addition of Al(NO3)3. This 
supports the coordination of Al
3+
 ion through the imine and amine nitrogen atoms. 
Furthermore, the compound 1.7 was also tested for its biological application in the living 
cells of Bacillus and Candida albicans and Bauhinia acuminate.  The fluorescence is 
enhanced in the cells treated with Al
3+
 ion. Further, the compound 1.7 can permeate 
easily into the living cells with no harm as the cells remain alive even after 0.5 h 
exposure to 1.7 at 10 μM membrane (Scheme 1.8). 
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Scheme 1.8. Proposed structure for binding Al
3+
 ion by compound 1.7.
55
 
Fluorescence energy transfer mechanism (FRET) 
 It is a non-radiative process in which energy is transferred from the donor 
fluorophore in the excited sate to the acceptor fluorophore in the ground state through 
long-range dipole-dipole interaction.
103
 This process occurs when: 1) a donor has high 
quantum yield; 2) there is a substantial overlap of the donor emission spectrum with the 
acceptor absorption; 3) there is an appropriate alignment of the absorption and emission 
transition moments and their separation vectors; and 4) the donor-acceptor distances are 
in proximity, typically less than 10 nm through non-radiative dipole-diploe coupling 
(Figure 1.15).
104
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Figure 1.15. Schematic of FRET process. “Reprinted with permissioin from Yuan, L.; 
Lin, W.; Zheng, K.; Zhu, S., FRET-Based Small-Molecule Fluorescent Probes: Rational 
Design and Bioimaging Applications. Acc. Chem. Res. 2013, 46, 1462-1473. Copyright 
2013 American Chemical Society.” 
 
The efficiency of FRET is given by Equation 1.1.
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  (  
    )                                                                 (1.1) 
Where Ro   is the Forster distance at which the transfer efficiency E= 50%; R is the 
distance between the energy donor and acceptor. The Forster distance Ro can be 
calculated by simplified Equation 1.2.  
           
          
  ⁄ (   )                                    (1.2) 
Where n is the refractive index, ΦD is the quantum yield of the donor, k denotes the 
average squared orientational part of a dipole-dipole interaction and JDA express the 
degree of spectral overlap between the donor emission and acceptor absorption which is 
given by Equation 1.3. 
     ∫   (λ)
 
 
  (λ)λ
                                                      (1.3) 
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Where lD () is the donor normalized fluorescence emission spectrum, A () is the 
acceptor molar absorption coefficient, and  is the wavelength. 
Mandal et al. synthesized a naphalimide-rhodamine “FRET Off-On” sensor (1.8) 
for the ratiometric detection of Fe
3+
 ions.
105
 The triazole appended quinoliine-rhodamine 
conjugate was chosen as the FRET energy acceptor and the 8-piperzzino naphthalimide 
moiety as the FRET energy donor. The intense fluorescence emission of the 
naphthalimide moiety and excellent overlap of its emission spectrum with the absorption 
spectrum of rhodamine B permit the intramolecular FRET in 1.8. Compound 1.8 was pale 
yellow color in aqueous CH3CN (1:1, v/v 0.01 M Tris HCl-CH3CN, pH 7.4) due to the 
naphthalimide donor moiety. The absorption spectrum of 1.8 showed a broad band at 415 
nm which is assigned to the naphthalimide moiety. Upon the addition of Fe
3+
 ions to the 
solution of 1.8 enhanced the absorbance band at 560 nm with a color change from pale 
yellow to pink. A similar pattern was observed in the fluorescence emission profile of 1.8 
on excitation at 420 nm. Upon addition of Fe
3+
 ions, emission band at 532 nm, attributed 
to naphthalimide moiety decreased and a new emission band at 580 nm appeared with an 
isoemissive point at 567 nm. This could be explained to the coordination of the Fe
3+
 ion 
inducing the opening of the spirocyclic ring of the rhodamine which facilitates the 
acceptance of fluorescence resonance energy transfer from the naphthalimide donor. 
Other competitive metal ions such as Na
+
, K
+
, Mg
2+
, Ca
2+
, Cu
2+
, Zn
2+
,  Hg
2+
,  Mn
2+
, Fe
2+
, 
Ni
2+
, Pb
2+
, Co
2+
, and Cr
3+
 did not affect the color and fluorescence of the compound 1.8  
indicating selective detection of Fe
3+
. The dissociation constant was calculated to be 1.04 
× 10
-6
 M with a detection limit of 5.0 × 10
-8
 M (Scheme 1.9).  
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Scheme 1.9. Proposed binding of compound 1.8 with Fe
3+
 ion.
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Summary 
In summary, the importance of Zn
2+
 and Fe
3+
 ion detection has been highlighted 
in terms of their role in biology and the environment. A number of methods available for 
the detection of these analytes were discussed such as flame photometry, inductively 
coupled plasma mass spectroscopy and atomic absorption spectroscopy. However, these 
methods are found to be cumbersome, expensive, sophisticated, and often impractical for 
on-site sensing. Optical spectroscopy was discussed as an important technique for the 
detection of these analytes in particular the use of fluorescent chemosensors as it is 
sensitive, selective, less expensive, and quick, and the sample is not lost in the analysis. 
Sensing motifs (pyrene, rhodamine, and fluorescein) and binding sites (triazole, amide 
and imine) are the two important parts of the chemosensors. The photo-physical 
properties of the pyrene and rhodamine are discussed in detail as they are used as the 
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sensing motifs for the design of chemosensors. The four most common mechanisms for 
sensing of ions: PET, PCT, excimer formation or quenching, and FRET are also 
discussed in detail. 
This introduction describes the general background. However, the work presented 
in this dissertation is split into two distinct areas: the work based on the pyrene system 
and those on the rhodamine probes. Specific introduction material that is pertinent to each 
part is highlighted at the beginning of the relevant section. 
Hypothesis 
A pyrene or rhodamine functional group is attached to a molecular probe as a 
sensing motif. These two chromo/fluorophores are chosen because of their strong UV-Vis 
absorbance, high quantum yield, due to their optical properties being sensitive to the local 
environments. The triazole and amide groups are selected as binding sites for the 
coordination of Zn
2+
 and Fe
3+
 ions. These groups are easily attached to organic scaffolds. 
Based on the general design, the following general hypothesis can be stated.  
General Hypothesis 
Upon the addition of metal analytes (for example Zn
2+
 or Fe
3+ 
salts) to a solution 
of specifically designed probes, an optical response is observed, either via a colorimetric 
or fluorescence changes.  
In the Part A of this dissertation, pyrene units have been used as sensing motifs in 
the design of molecular probes. Addition of metal ions can either produce an excimer or 
changes the intensity of monomer and excimer emissions. The formation of the excimer 
emission will be used as sensing mechanism in the molecular probes with only one 
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pyrene unit while monomer to excimer emission equilibrium will be used as a sensing 
mechanism with the molecular probes with two pyrene units. 
In the Part B of the dissertation, rhodamine units have been used as sensing motifs 
in the design of molecular probes. Rhodamine based probes are colorless and have low 
fluorescence intensity due to the existence of the spirolactam configuration, however, a 
strong red color and fluorescent signal is observered upon the addition of metal ions. 
Thus, a “turn on” in absorbance and fluorescence is used as sensing mechanism for 
detection of metal ions.  
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CHAPTER II 
PYRENE MOLECULARE TWEEZERS FOR DETECTION OF Zn
2+
 ION 
Introduction 
Molecular “clefts” or “tweezers” are receptors with a pocket whereby a guest can 
fit within the pincer but is not completely encapsulated (Figure 2.1). They are often 
characterized by convergent functional groups directed towards each other but separated 
by a spacer. Aryl ring systems are commonly used as rigid scaffold for “preorganizing” 
the host into a specific shape: additionally, they are easily derivatized. Binding in 
molecular clefts may be mediated by a number of interactions, including dispersion 
forces, π-stacking, hydrogen bonding, and salt bridging.70 The two pendent arms of the 
molecular cleft may either converge or diverge upon binding of an analyte which 
produces the changes in the spectroscopic properties of fluorophore.
106
  
 
Figure 2.1. Cartoons showing binding of guest species by molecular cleft. 
Cao and co-workers synthesized a pyrenyl-appended trazole-based sensors 2.1 
and 2.2 for the recognition of Hg
2+
 ion in aqueous solution (Figure 2.2).
107
 Compound 2.1 
exhibits a monomer emission bands at 387-404 nm and an excimer emission at 495 nm 
Scaffold  
Binding sites  
Fluorophores   
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on excitation at 360 nm. This suggests that compound 2.1 is in a stacked conformation 
with the two pyrene units situated closely enough to yield the excimer emission. 
Compound 2.2 only shows monomer emission bands at 384 and 402 nm. Fluorescence 
emissions of both compounds 2.1 and 2.2 were decreased upon addition of Hg
2+
 ion in 
CH3CN:H2O (80:20, v/v). Quenching of fluorescence for 2.2 is less than 2.1. Only four 
equivalents of Hg
2+
 ion was required to quench 80% of initial fluorescence of 2.1 while 
30 equivalents of Hg
2+
 ion was needed for compound 2.2 to quench 62% of initial 
fluorescence. Other metal ions such as Cu
2+
, Cr
3+
, Ag
+
, Co
2+
, Ni
2+
, Zn
2+
, Cd
2+
, Ba
2+
, 
Mg
2+
, Na
+
, Li
+
, Al
3+
, Ca
2+
, and K
+
 did not show any response to either compounds 2.1 
and 2.2. The quenching effect of Hg
2+ 
ion may be explained to heavy metal effect 
(Chapter I).
108
 The binding constant (K11) of the [Hg (2.1)]
 2+
 complex was calculated 
using Benesi-Hildebrand equation and found to be 3.6 ×10
4 
M
-1
. The detection limit of 
compound 2.1 was found to be 5.1 × 10
-7
 M (100 ppb). The binding affinity and detection 
limit for reference compound 2.2 was less than 2.1. The binding mode of the compound 
2.2 with Hg
2+
 ion was supported by the density functional theory (DFT) calculation. The 
optimized geometry indicates that nitrogen atoms of triazole and oxygen atoms of the 
sulfonamide group take part in the coordination of Hg
2+
 ion (Scheme 2.1). However the 
author did not mention anything about the binding mode of reference compound 2.2 with 
Hg
2+
 ion. This too was not studied by molecular modeling. 
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Figure 2.2. Structure for compound 2.1 and model compound 2.2. 
 
Scheme 2.1. Proposed binding mechanism of 2.1 with Hg
2+
 ion in CH3CN-H2O (80:20, 
v/v).
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Wu and co-workers synthesized a ratiometric fluorescent chemosensors for Cr
3+
 
ions based on monomer-excimer conversion of a pyrene compound containing a pyrazine 
moiety as the scaffold.
109
 Detection of Cr
3+ 
ion is important as it is a serious 
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environmental pollutant and its build-up due to various industrial and agricultureal 
activities.
110
 Compound 2.3 shows the two fluorescent emission bands at 374 and 393 
nm, typical of monomer emission, in Tris HNO3 buffered solution (pH 7.0). The quantum 
yield (Ф) of 2.3 is 0.34 for the monomer emission ( 374 nm) and 0.0015  for the excimer 
emission (465 nm) using anthracene as standard (Ф= 0.27).111 A broad and new emission 
band with maximum at 454 nm was formed with decrease in fluorescent intensity at 374 
nm upon addition of Cr
3+
.  The quantum yield is 0.016 for the monomer emission (374 
nm) and 0.29 for the excimer emission (465 nm).  The fluorescence emission ratio 
(I454/I374) exhibits nearly a 101-fold enhancement from 0.125 in the absence of Cr
3+
 ions 
to 13 in the presence of Cr
3+ (10 μM). In the UV-Vis spectrum the addition of Cr3+ ions 
decreases the bands at 326 m and 342 nm with an increase in a new red-shifted band at 
400nm. This new red shifted band at 400 nm is attributed to the interaction of Cr
3+
 ions 
with the imino nitrogen atoms coordinating the metal ion, forcing the two pyrene units to 
come together. The compound was tested against other metal ions such as Cu
2+
, Ag
+
, 
Co
2+
, Pb
2+
, Zn
2+
, Cd
2+
, Ba
2+
, Mg
2+
, Na
+
, Li
+
 , Al
3+
, Ca
2+
, and K
+
 but showed no changes 
in fluorescent intensity ratio except by Al
3+
 ions. Density functional theory (DFT) 
calculations were further used to confirm the structures of 2.3 and [Cr(2.3)]
3+
 complex. 
The distance between the two pyrene units is 15.3 Å in the free receptor 2.3. Therefore 
there is not any chance of π-π stacking in the pyrene units will occur in 2.3.  However, 
the distance between the pyrene units changes to 4.8 Å in [Cr(2.3)]
3+
 complex, which is 
in the range of effective π-π stacking between these pyrene units and explains the gradual 
formation of excimer emission in the complex. It is interesting that the authors did not 
mention the Fe
3+ 
ion in their studies which has almost similar properties with Cr
3+ 
ions. 
44 
 
 
 
There was no mention of the stability of the complex as imines can be prone to hydrolysis 
(Scheme 2.2).  
 
Scheme 2.2. Proposed binding mechanism of 2.3 with Cr
3+
 ion in Tris HNO3 buffered 
solution (pH 7.0). Detection limit was calculated to be 4 × 10
-8
 M ( two ppb) for Cr
3+
 
ions.
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Yoon and co-workers have developed a bis-pyrene derivative bearing two 
pyridine groups 2.4 as a selective and ratiometric fluorescent chemosensor for Ag
+
 ion at 
physiological pH 7.4.
112
 Compound 2.4 (10 μM) showed a strong excimer band at 463 
nm along with a monomer band at 399 nm on excitation at 344 nm in DMSO: HEPES 
(pH 7.4, 1:1, v/v). An excimer band was significantly quenched with the enhancement of 
monomer band upon addition of Ag
+
 ions through an isoemissive point at 410 nm. 
Among the other  metal ions such as Li
+
,  Na
+
,  K
+
,  Ni
2+
,  Mg
2+
, Mn
2+
, Ca
2+
, Al
3+
, Co
2+
, 
Sr
2+
, Cu
2+
, Zn
2+
, Cd
2+
, Hg
2+
, Fe
2+
, Fe
3+
 and Pb
2+
, only Hg
2+
 showed fluorescence 
quenching effects for monomer and excimer emissions. The association constants (K11) of 
2.4 with Hg
2+
 and Ag
+
  ions were calculated to be  1.0×10
4 
M
-1
 and 3.2×10
5 
M
-1 
respectively. The 
1
H NMR spectrum of 2.4 and [Ag (2.4)]
+
 were also studied to confirm 
the proposed structure (Scheme 2.3). The Ag
+
 ion causes a significant chemical shift on 
the protons of pyridine as a consequence of shielding effects. The large up field shifts (~ 
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0.67 ppm) seen for the protons attached to the pyridine group is due to the close 
proximity of pyridine and phenyl groups upon the addition of Ag
+
 ions. This host-guest 
interaction was also confirmed by DFT calculation with the metal ion coordinated to the 
nitrogen atoms in a pseudo tetrahedral arrangement. Further, TDDFT calculation showed 
a strong interaction between the excited sates of the two pyrenes in 2.4 where as in 
[Ag(2.4)]
+ 
complex, there is no such interaction because of the intramolecular charge 
transfer from the pyrene to the nearby pyridine group  and Ag
+ 
ions. Therefore, the 
excimer emission was quenched, and only the monomer emission existed in the in [Ag 
(2.4)]
+
 complex (Scheme 2.3). 
Scheme 2.3. Conformation change of receptor 2.4 on addition of Ag
+
 ion in a 10 μM 
concentration, DMSO: HEPES solution (pH = 7.4, 1:1, v/v).
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As shown the pyrene functional group has been used in molecular probes, as a 
consequence of the unique excimer mechanism seen (or quenched) upon the binding of 
metal ion. Therefore, the pyrene molecule was selected as a fluorophore for the design of 
molecular clefts for detection of Zn
2+
 ion. Benzene is used as scaffold, while triazole and 
amide groups are used as coordination sites for Zn
2+ 
ion. The basicity of the nitrogen 
atoms of triazole and oxygen atoms of amide groups are considered complementary to 
the properties of Zn
2+
 ion and hence expected to bind Zn
2+
 ion selectively and in a 
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thermodynamically favorable manner. The molecular cleft is synthesized in two different 
isomers i.e., ortho, and meta, where by the “bite” angle is different between the pendent 
arms. It is believed that the different binding motifs will be seen for the two isomers, as 
free rotation can occur between two side arms through the rotation of the single bond 
with methylene groups attached to the benzene scaffold. Therefore, it is anticipated that a 
conformation change in a divergent was when binding the analyte.  
Synthesis of Molecular Probes 2.6a and 2.6b 
The commercially available pyrene-1-carboxylic acid was used as starting 
material for the synthesis which is converted into the acid chloride by refluxing with 
thionyl chloride for an hour. The acid chloride was not isolated and reacted immediately 
with proparagyl amine hydrochloride in the presence of triethylamine in dichloromethane 
(Scheme 2.4). The impure solid was purified by silica gel column chromatography [Ethyl 
acetate (2): Hexane (8)] to obtain N-(prop-2-ynyl) pyrene-1-carboxamide (2.4) as pure 
yellow solid in overall 60 % yield. The compound was confirmed by the signals of the 
amide NH proton and terminal alkyne protons at δ 6.40 and 4.42 ppm (CDCl3), 
respectively, in 
1
H NMR spectrum. The compound is further confirmed by IR, whereby 
stretching bands are seen at 3278 cm
-1
 assigned to C≡CH, 2070 cm-1 for C≡C and 3198, 
1618 , 1600 cm
-1
 for amide N-H, amide C=O (I) amide C=O (II) groups, respectively. The 
NMR data agreed with the literature value.
113
 The ortho or meta bis(azidomethyl)benzene 
(2.5a and  2.5b  ) was prepared from its corresponding isomer bis(bromomethyl)benzene 
by reacting with sodium azide in a 4:1 ratio ((CH3)2CO : H2O). The azide molecules 
(2.5a and 2.5b) were confirmed by their characteristic strong stretching bands at 2085 
cm
-1
 in the IR spectrum, and their spectroscopic data (
1
H NMR, 
13
 C NMR and IR) also 
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agreed with the published procedure.
114
 Compounds 2.4 and 2.5 were then “clicked” 
together via azide-alkyne Huisgen cycloaddition reaction in the presence of copper 
sulfate and sodium ascorbate as catalysts in 4:1 ((CH3)2CO: H2O). A solid was obtained 
once the reaction mixture was poured into water which was filtered, washed with water 
and dried to obtain the pure yellow compound (2.6a and 2.6b) in an overall 70-80% 
yield. In 
1
H NMR spectrum, the disappearance of the signal at δ 4.42 ppm assigned to the 
terminal C≡CH hydrogen atom and appearance of a new signal at δ 8.20 ppm (DMSO-d6) 
assigned to the  protons of newly formed triazole skeleton confirms the formation of 
desired product. The compound was fully characterized by 
1
H NMR, 
13 
C NMR, IR, ESI 
mass spectrum, and elemental analysis (Scheme 2.4). 
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Scheme 2.4.Synthesis of molecular receptor 2.6a and 2.6. 
Job’s Plot Studies of Molecular Probes 2.6a and 2.6b 
 Stoichiometry is one of the most important characteristic of the host-guest 
complex as it determines the overall ratio of the complex in the solution phase. For 
example, the binding constant of the host guest complex, which represents its 
thermodynamic stability, depends on the complex stoichiometry. A key aspect in 
calculation of binding constant is the use of correct stoichiometry model (i.e., ratio of 
host and guest) as the procedure used for data fitting are based on the binding models. 
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Therefore, it is important to know the complexes that are formed in order to apply the 
appropriate model. In fact, one of the main aims of host guest titration is to determine the 
stoichiometry of the system under study.
73, 115
 
One simple method to determine the stoichiometry of a host-guest complex is by 
a Job’s plot experiment. It is also known as a method of continuous variation.38 In this 
method, both host and guest solutions are prepared with the same concentration in the 
same solvent.  They were then combined to give overall the same total molar 
concentration but with a varying ratio of host and guest from 0 to 1 i.e., the mole fraction. 
An absorbance or fluorescence observed is proportional to the complex formation and is 
plotted against the mole fraction of these two components. The maximum or minimum on 
the plot corresponds to the stoichiometry of the host and guest. 
Therefore, a Job’s plot analysis was conducted to determine the stoichiometry of 
the binding between compounds 2.6a and 2.6b with Zn(ClO4)2 (Figure 2.3). The final 
concentration of solution in CH3CN after mixing host (ortho) and guest (Zn(ClO4)2) is 
100 μM using compound 2.6a. Whereas the final concentration for compound 2.6b in 
CH3CN solution is 50 μM. The fluorescent intensity of the excimer band at 495 nm (I495 
nm) is plotted against mole fraction of Zn
2+
 ion for the  ortho isomer (Figure 2.3)  while 
the fluorescence intensity ratio (I495/403) is plotted against mole fraction of Zn
2+
 ions in 
case of meta isomer (Figure 2.3). In both experiments, the intersection of the curve is 
same at 0.5 mole fraction suggesting a 1:1 binding stoichiometry between host and guest. 
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(A)      (B) 
 
Figure 2.3. Job’s plot of compound 2.6a (A) and 2.6b (B) with Zn(ClO4)2 obtained by 
fluorescence measurements in CH3CN. The total concentration is 100, and 50 μM for 
experiment with 2.6a and 2.6b, respectively, where Χ ≈ 0.5 (1:1 ligand:metal ratio). The 
red lines are for visual interpretation only. 
Optical studies of the molecular probes 2.6a and 2.6b 
Fluorescence spectroscopy 
Upon the successful synthesis of the molecular probes 2.6a and 2.6b, their 
binding with metal ions was first studied by fluorescence spectroscopy. It was anticipated 
that the fluorescent emission of the probes should change upon binding with the target 
metal ions. In particular, monomer and excimer emission intensities of the pyrene should 
change significantly with different target metal ions because the two probes just differed 
in positions of connectivity with the benzene ring. The space between the two pendent 
arms should be smaller in the ortho isomer than the meta one and hence should have 
greater excimer emission. Organic solvent, CH3CN is selected to study the fluorescence 
of compounds 2.6a and 2.6b as it is medium-polar solvent and does not interact with the 
host molecules via electrostatic or hydrogen bonding interactions. Therefore it does not 
affect or disrupt the coordination of metal ions by the ligands.
70
 Furthermore, the pyrene 
based molecular probes are more soluble in non-polar to medium-polar solvents such as 
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CHCl3, CH2Cl2, and CH3CN due to their hydrophobic nature. The polar solvents such as 
CH3OH, DMSO, and H2O normally affect the binding process by forming hydrogen 
bonds with the binding sites of the sensors. However, it is always good to have the 
sensors work in the polar and aqueous solvent from the biological and environmental 
aspects. 
The fluorescence  of both molecular probes  ortho (2.6a) and meta (2.6b)  show 
the typical monomer emission bands at 380 and 400 nm in CH3CN, which are 
characteristic of pyrene-derived compounds and are assigned to the π-π* electron 
transitions.
57
 A very broad emission band with maximum around 495 nm is also seen and 
was assigned to intramolecular excimer formation, upon excitation at 325 nm. An 
excimer band of 2.6a was more intense than 2.6b showing the pyrene units are closer to 
each other in 2.6a than the 2.6b as shown in Figure 2.4. Intermolecular excimer 
formation was ruled out as the effect was observed in the μM range. Fluorescence 
analysis of both compounds were studied by adding ten equivalents of either chloride or 
perchlorate salts of different metal ions such as Na
+
, Ni
2+
, Mg
2+
, Ca
2+
, Al
3+
, Co
2+
, Cu
2+
, 
Zn
2+
, Cd
2+
, Hg
2+
, Fe
2+
, Fe
3+
, and Zn
2+ 
in CH3CN (Figure 2.5). The quenching of 
fluorescence (both monomer and excimer band) was observed for all the metal ions 
except for Zn
2+
 ion (and to a lesser degree for Cd
2+
and Mg
2+ 
ions) in which a new band 
was seen to increase at 400 nm. The fluorescence intensity of new band at 400 nm was 
significantly more intense for 2.6b than 2.6a upon addition of ten equivalents of Zn
2+
 ion 
(Figure 2.5-2.9). The lack of fluorescence at 400 nm for 2.6a could be a consequence of 
the two pyrene units in 2.6a complex adopting an anti-orientation which gives a greater 
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pyrene–pyrene separation than is available to a 2.6b complex, in agreement with the 
density functional theory (DFT) calculations (Figure 2.16). 
 
Figure 2.4. The excimer emission of compound 2.6a and 2.6b in CH3CN (5 µM, λex =325 
nm). 
 
Figure 2.5. Fluorescence intensity of 2.6a and 2.6b (5 µM) upon addition of ten equiv. of 
metal chlorides and perchlorates at 405 nm (CH3CN, λex =325 nm). 
 
There are many ways in which the metals can quench the fluorescence as 
explained in the Chapter I. Therefore, it was not surprising that many of the metal salts 
studied quenched the fluorescence of the compound 2.6a and 2.6b. However, Zn
2+
 ion 
can neither accept an electron into its d-orbitals as they are already filled nor is it 
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classified as a heavy metal. As a consequence, quenching is not observed, and signals 
“turn on” or fluorescence enhancement is seen. 
(A) (B) 
      
Figure 2.6. The fluorescence spectrum of compound 2.6a (5 µM, λex =325 nm) upon 
incremental additions (up to ten equiv.) of Zn(ClO4)2 in CH3CN (A) and its binding 
isotherm (B). 
                   
Figure 2.7. Binding isotherms for the fluorescence titration of compound 2.6a with 
Zn(ClO4)2 at 380, 420,  and 505 nm from HypSpec program.
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(A)                                                                           (B) 
     
Figure 2.8. The fluorescence spectrum of compound 2.6b (5 µM, λex =325 nm) upon 
incremental additions (up to ten equiv.) of Zn(ClO4)2 in CH3CN (A) and its binding 
isotherm (B). 
                        
Figure 2.9. Binding isotherm for the fluorescence titration of compound 2.6b with 
Zn(ClO4)2  378 , 420, and 505 nm from HypSpec program.
116
 
 
The fluorescence intensity of the compound 2.6a and 2.6b at 400 nm due to ClO4
- 
salt was more intense than that of the Cl
- 
salt. Therefore, the effect of different counter-
ions on Zn
2+
 binding of compounds 2.6a and 2.6b was explored as shown in Figure 2.10. 
The binding affinities of 2.6a and 2.6b towards Zn
2+
 salts (F
-
, Cl
-
, Br
-
, I
-
, NO3-, CH3CO2
-
, 
SO4
2-
 , BF4
-
, and ClO4
-
) in CH3CN were investigated using fluorescence spectroscopy by 
excitation of a 5 μM solution of 2.6a and 2.6b at 325 nm. 
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Figure 2.10. Fluorescence intensity of 2.6a and 2.6b (5 µM) upon addition of ten 
equivalents of various anions of Zn
2+
 salts (CH3CN, λex =325 nm). 
There were significant spectroscopic changes upon the incremental addition of 
both Zn(ClO4)2 and Zn(BF4)2 (Figure 2.10). These large counter-ions seem to dissociate 
significantly in CH3CN in comparison with the other anions studied. The excimer band at 
495 nm shifted hypochromically with a new hyperchromic band appearing at 400 nm 
through an isoemissive point at 461 nm. Similar hypsochromic shifts have been observed 
by Nakahira et al.
117
 and de Schryver co-workers
118
 in pyrene-based polymeric materials 
and bis(pyrenyl)ether derivatives, respectively. The binding affinities of 2.6a and 2.6b for 
Zn(ClO4)2, calculated using HypSpec,
116
  were K11 =1.4 ×10
6
 and 3.8 ×10
5 
M
-1
, 
respectively. The binding constants for all of the other zinc salts are shown in Table 2.1. 
Interestingly, the binding affinity for Zn(ClO4)2 was a magnitude greater for 2.6a  than 
for 2.6b, even though the fluorescent change at 400 nm was not observed to be as 
dramatic (Figure 2.6 and 2.8). In fact, this trend is seen for all the other analytes studied, 
presumably due to the more favourable chelating motif. However, the lack of a 
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spectroscopic signal can be justified due to the pyrene moieties adopting a trans 
orientation (Figure 2.16), in which they are further apart, thus, reducing the magnitude of 
the electronic transition seen at 400 nm for receptor 2.6a. These effects can be explained 
by the binding cleft of 2.6a being more conducive to metal coordination than 2.6b but its 
pyrene groups are further apart, reducing its fluorescence signal compared to 2.6b. 
Table 2.1  
Association constant (K11) between receptors 2.6a and 2.6b and ZnX2 in CH3CN 
X Ortho (K11(M
-1
) Meta (K11(M
-1
) 
 
F
-
 
 
1.3×10
3
 
 
3.5×10
3 
 
Cl
-
 
 
1.6×10
3
 
 
2.7×10
3
 
 
Br
-
 
 
1.1×10
4
 
 
1.2×10
4
 
 
I
-
 
 
9.6×10
3
 
 
5.4×10
4
 
 
NO3
-
 
 
5.0×10
3
 
 
5.6×10
3
 
 
CH3CO2
-
 
 
1.8×10
3
 
 
9.9×10
2
 
 
SO4
-
 
 
3.1×10
4 
 
5.7×10
3
 
 
BF4
-
 
 
3.6×10
5
 
 
8.9×10
4
 
 
ClO4
-
 
 
1.4×10
6
 
 
3.8×10
5 
 
 
The binding ability of compound 2.6b is also studied in a mixed organic–water 
system, but only 1% water could be added to the system before precipitation occurred. 
Nevertheless, a similar ratiometric response is seen, with an excimer band decrease at 
495 nm and increase at 400 nm, upon the addition of Zn(ClO4)2 (Figure 2.11).  
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Figure 2.11. Fluorescence titrations (CH3CN, λex = 325 nm) between 2.6b and Zn(ClO4)2 
in 1% H2O. 
 
1D and 2D
 
NMR Studies of Molecular Probe 2.6b 
Fluorescence studies of the compounds 2.6b showed that it is selective for 
binding Zn
2+
 ion over other metal ions. The spectroscopic change is greatest for the 
fluorescence of compound 2.6b than 2.6a. However, fluorescence studies of compounds 
does not provide any qualitative information about the binding of metal ion i.e., where 
and how a metal ion is binding to the host. The 
1
H NMR titration can provide the 
qualitative information about the specific nuclei that are affected by the specific guest 
and hence some information about the regioselectivty of guest binding i.e., where is the 
guest bond with respect to the host. The protons attached to or near to the binding sites 
change its chemical shift upon binding with the metal ion. But the chemical shift 
observed for particular host-guest equilibria is a weighted average between the chemical 
shifts of the free and bound species as most host-guest equilibria are fast in the NMR 
spectroscopic time scale. Quantitative information can also be obtained by plotting the 
change in chemical shifts against added guest concentration which allows a binding 
constant to be calculated by least-squares curve fitting with  programs such as Hyp-NMR 
or EQNMR.
119, 120
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Thus, 
1
H NMR titration of compound 2.6b is carried out with Zn
2+
 ion to get the 
further insight into the nature of binding. Unfortunately, compound 2.6a is insoluble in a 
mixture of CDCl3 and CD3CN at the concentration required for NMR and hence not 
studied. Further, the Zn
2+
 ion is diamagnetic in nature and hence NMR inactive. Both 
compound 2.6b and its Zn
2+
 ion complex are studied in detail by the 2 D NMR such as 
COSY, HMQC, HMBC, TOCSY, and ROESY for their structural assignment and 
confirmation. The 
1
H NMR spectrum of compound 2.6b shows a significant overlap of 
the pyrene signals in the aromatic region which is due to the presence of two pyrene 
functional groups in the same molecule. The protons of the compound 2.6b have been 
accurately assigned on the basis of 2D NMR and molecular modelling. The aromatic 
pyrene protons are shifted to chemically different environments upon the addition of five 
equivalents of Zn
2+
 ions, presumably due to the conformational change once Zinc has 
coordinated to the molecular cleft (Figure 2.12). The amide and triazole protons are 
shifted to downfield direction by around 1.25 and 0.55 ppm, respectively. The downfield 
shifts could be due to increasing acidity of the NH and triazole protons upon coordination 
of the carbonyl oxygen and triazole nitrogen atoms to the Zn
2+
 ions. 
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Figure 2.12. 
1
H NMR complete spectrum of free receptor 2.6b (bottom) and upon the 
addition of five equivalents of Zn
2+
 ion in a mixture of 1:1 (CD3Cl:CD3CN). 
 
The binding of compound 2.6b with Zn
2+
 ion was further studied by ROESY 
because it can detect through-space interactions based on the nuclear Overhauser effect 
(NOE). The NOE interactions can be intra and intermolecular and thus provide an 
important information about the spatial structure of the molecules and their relative 
positions.
121
 In particular, ROESY is very helpful in the structural elucidation of the 
complex. The rOe spectrum of compound 2.6b  showed one very weak and nine strong 
rOe signals (a-i) in a mixture of CD3CN and CDCl3 (1:1, v/v) (Figure 2.13). Addition of 
Zn(ClO4)2 produced two distinct signals in the rOe spectrum of the complex (Figure 2.13 
and 2.14). The first rOe signal was between CH on the pyrene (C (2) pyrene) and CH2 
adjacent to the NH functional group (labelled as (j) in Figure 2.13). The rOe signal 
between these same hydrogen atoms was absent in the free receptor ligand. Presumably, 
upon addition of Zn
2+
 ions, the two oxygen atoms on the carbonyl coordinate to the metal 
60 
 
 
 
centre causing a rotation of the amide group such that both the oxygen atoms participate 
in the coordination of Zn
2+
 ions within the cleft. This contrasts with the free receptor 
where the carbonyl functional groups point in opposite directions. This change in 
geometry is in agreement with the molecular modelling calculations (Figure 2.16). The 
second rOe signals of interest are between the triazole proton and ortho-proton of the 
benzyl group (labelled as (h) in Figure 2.13). There is only one rOe signal in the free 
receptor, whereas in the complex spectrum the triazole proton has two distinct rOe 
signals consistent with rotation of the benzyl functional group. Inspection of the 
molecular model (Figure 2.16) shows that the benzyl group is rotated by ~70 Å.  
 
 
 
 
 
 
 
 
 
 
 
61 
 
 
 
(A)                                                                               (B) 
 
(C) 
 
Figure 2.13. (A) rOe signals (B) numbering system, and (C) 2D ROESY of 2.6b in a 
mixture of CDCl3:CD3CN (1:1). 
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 (A) 
 
(B) 
 
Figure 2.14. (A) Numbering system and rOe signals (B) ROESY spectrum of 2.6b after 
addition of five equivalents of Zn
2+
 ions in a mixture of CDCl3:CD3CN (1:1). 
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Figure 2.15. ROESY expanded spectrum (aromatic region) of 2.6b after addition of five 
equivalents of Zn
2+
 ions in a mixture of CDCl3:CD3CN (1:1). 
Molecular Modelling Studies of Molecular Probes 2.6a and 2.6b 
One dimensional (
1
H NMR) and 2D NMR (ROESY) studies of compound 2.6b 
with the Zn(ClO4)2 suggested that the nitrogen atoms of triazole and oxygen atoms of 
amide groups of two pendent arms of compound 2.6b coordinate Zn
2+
 ion within the 
cleft. There is a change in the geometry of the probes upon coordination with Zn
2+
 ion. 
However, NMR studies did not provide the clear picture of geometry of complex i.e., 
whether it is binding in tetrahedral or in octahedral fashion. One way to get the 
information of geometry of the complex is from the crystal structure of the complex. But 
numerous attempts to grow the crystals of the host guest complex had been unsuccessful. 
Therefore, an extensive computational approach was adopted to gain insight into possible 
ligand and complex geometries. Molecular mechanics calculations for 2.6a and 2.6b and 
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their corresponding Zn(ClO4)2 complexes were carried out (Figure 2.16). Both the free 
receptors show interesting, but very different, π-stacked interactions. The ortho isomer 
(2.6a) shows that the aromatic scaffold of the molecular probes participates in π-stacking, 
and one of the pyrene arms seems to intercalate and form an intramolecular sandwich 
interaction (Figure 2.16 (A)). This intercalation is not observed in the meta-isomer, 2.6b 
which shows 4.77 Å π–π distance between the two pyrene units. The distance was 
measured between the pyrene centroids and the C-H hydrogens on the triazole rings 
orientated towards the centre of the molecular probes. This is in excellent agreement with 
the interactions expected to generate the excimer band seen in the fluorescence spectrum. 
Both the Zn
2+
 ion complexes show drastically different optimised geometries. The Zn
2+
 
ion is bound in a tetrahedral arrangement coordinated to the oxygen atom of the carbonyl 
functional group and a nitrogen atom in the triazole ring, forming a seven-membered 
chelating ring. The distance between two pyrene units in [Zn.(2.6a)]
2+
 is 10.8 Å , whereas 
the distance between two pyrene units in [Zn.(2.6b)]
2+
 is 5.5 Å , again in excellent 
agreement with the fluorescence data in which a broad excimer band is seen at 400 nm 
for the [Zn.(2.6b)]
2+
; the same band is significantly less intense for the [Zn.(2.6a)]
2+
. 
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Figure 2.16. DFT fully optimized structures of (A) 2.6a, (B) [Zn.(2.6a)] (ClO4)2, (C) 
2.6b, and (D) [Zn.(2.6b)](ClO4)2. 
IR Studies of Molecular Probe 2.6b 
NMR and molecular modelling studies of the compound 2.6b with Zn
2+
 ion 
showed that Zn
2+
 ion is coordinated by the carbonyl oxygen atoms of the amide group 
and nitrogen atoms of triazole. Though triazole functional groups do not show 
characteristic IR stretching bands, the amide group has characteristic IR stretching bands 
in the IR-spectrum. A change in either intensity or shift in the amide stretching of 
carbonyl oxygen atoms is expected if the amide oxygen atoms are involved in the 
coordination of Zn
2+
 ion. Therefore, an IR study was conducted for both free receptor 
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2.6b and its complex with Zn
2+
 ion to verify the binding mode as suggested by the NMR 
and molecular modelling calculations. The infrared spectrum of free receptor 2.6b as 
recorded as a solid using an ATR-IR and showed the characteristic IR bands for the 
amide functional group.  The amide A stretch appears at 3333 cm
-1
 for the NH band. The 
amide I (C=O) stretch and the amide II (NH in plane bending) stretch are seen at 1639 
and 1547 cm
-1
 in 2.6b, respectively (Figure 2.17). The metal complex, needed for IR 
study, is prepared by grinding equimolar amounts of 2.6b and Zn(ClO4)2 in a pestle and 
mortar for 30 minutes to form a green solid which was dried by keeping in oven for two 
hours before the ATR-IR was recorded. An IR spectrum of complex showed that the 
amide A band is hypsochromically shifted by 48 cm
-1 
which
 
is the consequence of the 
hydrogen bonding interaction between the amide proton and one of the oxygen atoms in 
the ClO4
- 
ion (Figure 2.16 and 2.17). This is also supported by the molecular models 
which show that ClO4
- 
participates in a number of hydrogen bonding interactions. Amide 
I and amide II bands are shifted by 46 and 16 cm
-1
, respectively, in a red direction. The 
shift in the IR wavelength could be explained by the increase in negative charge on the 
metal ion as the Zn∙∙∙∙O bond becomes stronger, and both the amide I and amide II bands 
become weaker. 
It has been previously reported that significant infrared spectral changes occur 
when perchlorate coordinates to a metal ion through different modes.
122
 Determination of 
changing symmetry of the ClO4
-
 upon binding, from Td (ionic) to C3v (unidentate) and C2v 
(bidentate or bridging), can help identify the binding mode of the present system. 
The symmetry of the ClO4
-
 changed from a Td in free Zn(ClO4)2 to a C3v in complex. As a 
consequence, the degeneracy of the T2 (v3) Cl-O stretching absorption at 1059 cm
-1
 in the 
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Zn(ClO4)2 salt is split into a doublet at 1070 and 1043 cm
-1
 assigned to A1 (ʋ1) plus E 
(ʋ4),
123, 124
 which is in agreement with the binding present in the modelling calculations. 
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Figure 2.17. ATR-IR data of 2.6b on the addition of Zn(ClO4)2. 
Sensitivity of Molecular Probes 2.6a and 2.6b 
 
The Zn
2+
 ion is present in very trace amount (nanomolar range) in biology and 
environment. So molecular probes having high sensitivity for Zn
2+
 ion is very important. 
Highly sensitive molecular probe can detect such a low concentration of metal ions. Limit 
of detection (LoD) is defined as the analyte concentration giving a signal equal to the 
blank signal plus three standard deviations from the blank, i.e., y = yB+3SB. The limit of 
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detection was calculated by titrating 0.05 μM of compound 2.6b with 0.5 μM Zn(ClO4)2 
in CH3CN (Figure 2.17). The fluorescence intensity of monomer emission band at 380 
nm increased (the wavelength monitored in the detection studies at such low 
concentrations) upon the addition of Zn(ClO4)2. The same experiment with 2.6a showed 
no spectroscopic change at the same concentration. To determine the limit of detection 
(LoD), the method of least squares was used to give a line of regression. The confidence 
limit of the slope is defined as b ± tsb, where t is the t-value taken from the desired 
confidence and n-2 degrees of freedom. A 95% confidence level (t-value 2.23, df =10) is 
used in this experiment (Figure 2.18). The calculated LoD values for 2.6a and 2.6b were 
0.6 μM (39 ppb) and 20 nM (1 ppb), respectively (Figure 2.18 and 2.19). Calcium salts 
often interfere with zinc in fluorescence assays; however, the Ca
2+
 complexes gave no 
spectroscopic responses in the same nanomolar concentration (Figure 2.18). The 
detection limit of the molecular probes 2.6a and 2.6b are well below the limits set up by 
both the World Health organization (WHO) and the Environmental Protection Agency 
(EPA) for drinking water. The recommended limits of zinc in drinking water, soil, and 
water supporting aquatic life are 5 mg/L (5 ppm), 7500 ppm and 0.0766 ppm, 
respectively, by the USEPA while the WHO has also set the 5 mg/L (5 ppm) as the 
maximum acceptable concentration for zinc in drinking water.
125, 126
 In fact, the 
molecular probes 2.6b is among the few molecular probes which can detect such a low 
concentration of Zn
2+
 ion. 
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Figure 2.18. Calibration curve used to calculate the LoD for Zn
2+
 ion (blue diamond) and 
Ca
2+ 
ion (red triangle) with 2.6b. 
 
Figure 2.19. Calibration curve used to calculate the LoD for Zn
2+ 
with
 
2.6a. 
Reversibility of Molecular Probe 2.6b 
Reversibility in binding is a principle requirement for an ideal chemosensor. If a 
sensor is reversible, then it can be reused again for several times with proper treatment. If 
the sensor is not reversible, it becomes a reagent and can only be used in a stiochiometric 
manner which severely limits its application. Reversibility allows the sensor to monitor 
the analyte contiuously and quickly in real time applications.
127
 The Faster the 
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complexation and decomplexation, the faster will be the response. The 1,10-
phenanthroline, a well-known Zn
2+
 ion chelator, was used to test the reversibility of 2.6b. 
Addition of 1,10-phenanthroline “stripped” off the Zn2+ ion from the molecular cleft 
quenching the fluorescence  completely at 400 nm. This indicates that the fluorescence 
spectrum returned to that of the receptor but the intensity was only ~50% of the original 
emission. The fluorescence at 400 nm reappeared again on the second time addition of 
Zn
2+
 ion to the system but less intense than the first time. This could be repeated three 
times (Figure 2.20), and each time 1,10-phenanthroline was removed, the intensity of the 
original emission was reduced by a further 50%. The quenching of fluorescence intensity 
can be due to the 1,10-phenanthroline electron clouds in proximity to the fluorophore of 
the molecular receptor, thereby preventing emission.
128
  
 
Figure 2.20. Reversibility test: The effect of sequential addition of 1, 10-phenthroline and 
Zn
2+
 ion to compound 2.6b ([meta]=5 μM, [Zn2+ ]= 500 μM, 1,10-phen = 500 μM, 
CH3CN, λex = 325 nm). 
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Protocol to Determine Concentration of Zn
2+
 Ion in Aqueous Sample 
A simple protocol was developed to show that 2.6b   could, in principle, be used 
to assay Zn
2+
 ion found in aqueous samples. In four parallel experiments, molecular 
receptor 2.6b   (3.8 mg, 5.0 μM) was dissolved in 20 mL CH3CN:H2O (50:50). An 
aliquot of Zn(ClO4)2 (0.25, 0.5, 0.75, and 1.0) was added to each and the solution 
refluxed for 24 h. The solvents were removed in a vacuum, and the residues were 
redissolved in CH3CN. A 50 μM solution of each sample was prepared in 100% CH3CN, 
and the fluorescence spectra recorded. Fluorescence at 421 nm increased linearly with 
increasing Zn
2+
 concentration, demonstrating that receptor 2.6b could be used to 
determine the zinc content of aqueous samples (Table 2.2 and Figure 2.21).  
Table 2.2  
Data for Zn
2+
 ion binding calibration curve (*** point ignored in calibration curve due 
to solubility) 
 
Concentration of Zn
2+
 (mM) Fluorescence intensity (421 nm) 
 
0 
 
0.14 
 
0.07 0.06*** 
 
0.081 0.22 
 
0.19 0.39 
 
0.5 0.87 
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Figure 2.21. Calibration curve generated from fluorescence data of 2.6b (5 μM, λex=325 
nm, CH3CN) and [Zn(2.6b)]
2+
 complexes demonstrating a linear response. 
Summary 
Two pyrene-based triazole molecular probes 2.6a and 2.6b were synthesized in 
ortho and meta forms by azide-alkyne Huisgen cycloaddition reaction of N-(prop-2-ynyl) 
pyrene-1-carboxamide and bis(azidomethyl) benzene. Fluorescence titration studies of 
compound showed a significant hypsochromic shift in the excimer band from 495 to 400 
nm upon addition of Zn
2+
 salt. The fluorescence intensity at 400 nm was significantly 
more intense for 2.6b than 2.6a pon addition of Zn
2+
 ion .The effect of different counter-
ions on Zn
2+
 binding of compound 2.6a and 2.6b was explored and showed that the 
fluorescence intensity at 400 nm due to ClO4
- 
salt was more intense than any other 
anions. Density functional theory studies suggest that Zn
2+
 is bound in the cleft of the 
probes in a 1:1 host:guest ratio.
 1
H NMR studies of  compound 2.6b with Zn(ClO4)2 
showed the protons of the triazole and amide groups were shifted into downfield more 
than any other protons suggesting the  possible coordination of Zn
2+
 ions by the amide 
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oxygen and triazole nitrogen atoms. The proposed structure for 2.6b and its complex 
from molecular modeling is also supported by 2D NMR and IR studies. The limit of 
detection for Zn
2+
 is calculated in the nanomolar range, and the binding process is 
reversible allowing the system to be recycled several times. A protocol is proposed that 
would allow detection of Zn
2+ 
in aqueous samples. 
Experimental 
General technique 
All 
1
H, 
13
C NMR, and 2 D NMR spectra were recorded either on a Bruker 
Ultashield plus 400 MHz spectrometer or 600 MHz spectrometer in the desired 
deuterated solvents. Chemical shifts are reported in parts per million (ppm) downfield 
from tetramethylsilane (0 ppm) as the internal standard, and coupling constants (J) are 
recorded in hertz (Hz). The multiplicities in the 
1
H NMR spectra are reported as (br) 
broad, (s) singlet, (d) doublet, (dd) doublet of doublets, (ddd) doublet of doublet of 
doublets, (t) triplet, (sp) septet, and (m) multiplet. All spectra are recorded at ambient 
temperatures. UV-Vis experiments were performed on a Beckman DU-70 UV-Vis 
spectrometer. IR spectra were recorded on Nicolet Nexus 470 FT-IR paired with a Smart 
Orbit ATR attachment. The characteristic functional groups reported in wavenumbers 
(cm
-1
), and described as weak (w), medium (m), strong (s), and very strong (vs).   
Fluorescence experiments were carried out on a QuantaMaster
TM
 40 Intensity Based 
spectrofluorometer from PTI technologies; steady-state (slitwidths 0.50 mm); Ex = 355 
nm Em = 360 nm to 600 nm.  Elemental analysis was carried out at Atlantic Microlab 
Inc. 
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General procedure for fluorescence experiments 
A stock solution of compound 2.6 was prepared in CH3CN.  The solution was 
excited at = 325 nm and scanned from  360-625 nm with the slit widths set to 0.5 mm.  
A 100 times more concentrated solution of the Zn
2+
 salt was prepared in CH3CN and 10 
L (10 L = 0.1 equivalent of metal salt) aliquots was added to compound 2.6, and the 
florescence spectra was recorded after each addition.  Dilution factors were taken into 
consideration upon binding study determination.  The binding studies were pursued by 
fluorescence titrations using HypSpec 2006.
116
 
General procedure for UV-Vis experiment 
The general procedure for the molar absorptivity of compounds 2.6a and 2.6b was 
carried out as follows.  A stock solution (1.32 × 10
-5
 M) of compound 2.6a was prepared 
by dissolving 0.5 mg in 50 mL of CH3CN. Compound 2.6b was prepared by dissolving 
0.8 mg in 50 mL CH3CN then 1 mL was transferred to the UV-Vis cell. From the stock 
solution eight successive dilutions were carried out, and measured the absorbance to 
calculate the molar absorptivity. The molar absorption coefficients for compound ortho-
2.6a and meta-2.6b were calculated at various wavelengths (Table 2.3)  
Table 2.3   
Molar absorptivity for compounds ortho-2.6a and meta-2.6b in CH3CN (M
-1
cm
-1
) 
 240 nm 274 nm 326 nm 340 nm 
 
ortho-2.6a 
 
8.9104 
 
5.3104 
 
4.4104 
 
3.4 104 
 
meta-2.6b 5.3104 3.4 104 2.0 104 2.6 104 
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Computational methods 
 Equilibrium geometries for the ligands (Lortho and Lmeta) and their zinc complexes 
(LmetaZnCl2, LmetaZn(ClO4)2 and LorthoZn(ClO4)2) were determined by full conformational 
searches of the 676 possible structures (identified through the number of rotatable bonds) 
followed by molecular mechanics energy minimization methods (using the MMFF 
forcefield). No formal bonds between zinc and ligands or anions were introduced. Initial 
refinement was followed by geometry optimization at semiempirical PM3d level with the 
resulting structures used as input coordinates for density functional calculations 
(B3LYP/6-31G*). Calculations were made using Spartan ’10 installed on a desktop 
computer equipped with Intel Xenon Dual Quad Core CPUs running at 2.33 GHz (Table 
2.4). 
  
    
 
7
7 
Table 2.4 
Key interactions in angstroms (Å) and degrees () 
 Free ligand (Lortho) Free ligand (Lmeta) LorthoZn(ClO4)2 LmetaZnCl2     LmetaZn(ClO4)2 
 
N-H 
 
1.011 
 
1.013 
 
1.030 
       
1.012 
 
1.029 
N-H’ 1.012 1.012 1.023       1.011 1.027 
triazoleH 1.079 1.078 1.077       1.081 1.078 
triazoleH’ 1.080 1.079 1.082 1.081 1.088 
amide C=O 1.230 1.228 1.283 1.250 1.279 
amide C=O’ 1.232 1.233 1.282 1.252 1.286 
triazole Zn
…
N N/A N/A 2.040 N/A 2.018 
triazole Zn
…N’ N/A N/A 2.019 N/A 2.020 
C=O
…
Zn N/A N/A 1.955 2.013 1.942 
C=O’…Zn N/A N/A 1.924 2.013 1.949 
anion
…
Zn N/A N/A N/A 2.261 N/A 
anion’…Zn N/A N/A N/A 2.218 N/A 
pyrene –pyrene distance 5.523 4.771 10.798 5.547 7.382 
triazole N’…Zn…N N/A N/A 96.45 N/A 101.72 
C=O’…Zn…O=C N/A N/A 115.43 104.25 110.64 
anion’…Zn…anion N/A N/A N/A 126.17 N/A 
anion
…
Zn
…
 O=C N/A N/A N/A 106.12 N/A 
triazole C=O
…
Zn
…
N N/A N/A 110.95 N/A 111.07 
pyrene –pyrene angle  18.48 3.91 43.56 28.02 77.49 
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General Procedure for the Synthesis 
Preparation of bis(azidomethyl)benzene(2.5a and 2.5b)
114
  
The desired (ortho or meta) bis(bromomethyl)benzene (1.32 g, 5.0 mmol) and 
sodium azide (0.97 g, 15 mmol) were dissolved in a 3:1 mixture of acetone and water (30 
mL) and stirred at room temperature for 24 hours. A mixture of dichloromethane (25 mL) 
and water (25 mL) was then added to the reaction mixture and stirred for 10 mins. The 
organic layer was separated and washed three times with water (50 mL), dried over 
magnesium sulfate, filtered, and the solvent removed to produce a colored oil.  
Characterization of compound ortho-2.5a: Yield 752 mg, 4.0 mmol, 80%:  
1
H NMR (300 K, DMSO, 400 MHz):
 δ 7.38 (m, 4H, CHAr), 4.45 (s, 4H, CH2). 
13
C NMR (300 K, DMSO, 400MHz): δ 133.9, 130.0, 128.7, 51.0; 
 IR (ATR solid); 2887 νC-H (w), 2085νN≡N (vs) cm
-1
. 
Characterization of meta-2.5b:  Yield 790 mg, 4.2 mmol, 84%:  
1
H NMR (300 K, DMSO, 400 MHz):
 δ 7.38 (t, 1H, J = 7Hz, CHAr), 7.28-7.30 (m, 3H, 
CHAr), 4.37(s, 4H, CH2). 
13
C NMR (300 K, DMSO, 400 MHz): δ 136.1, 129.2, 128.0, 53.4 
IR (ATR solid); 2929 νC-H (w), 2086 νN≡N (vs) cm
-1
. 
Preparation of N-(prop-2-ynyl) pyrene-1-carboxamide (compound 2.4)
113
 
  1-Pyrenecarboxylic acid (138 mg, 0.56 mmol) was dissolved in thionyl chloride 
(8 mL) and refluxed under argon for two hours. The excess thionyl chloride was removed 
under reduced pressure to form a yellow solid that was redissolved in chloroform (50 
mL) to which, triethylamine (82 µL, 0.59 mmol) and propargylamine (71 µL, 1.28 mmol) 
were added drop wise at 0°C and stirred one hour.  The reaction was allowed to warm to 
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room temperature and was stirred for a further 18 hours.  A saturated solution of brine 
(50 mL) was then added to the reaction mixture which was subsequently extracted with 
chloroform (3  15 mL). The organic layers were combined and washed with brine (2  
25 mL) and water (2  25 mL). The organic layer was dried over magnesium sulfate, 
filtered, and the solvent was removed under reduced pressure. Column chromatography 
was carried out using silica (40-63m, 60 Å) and ethyl acetate in hexane as the eluent 
(15:75). The compound was obtained as a pure yellow solid, (95 mg, 0.33 mmol, 60%).  
 
1
H NMR (CDCl3, 400 MHz): δ 8.53 (d, 1H, J = 10 Hz, CHpy), 8.19 (s, 1H, CHpy), 8.10 
(s, 1H, CHpy), 8.00-8.10 (m, 6H, CHpy), 6.40 (s, 1H, NH), 4.42 (m, 2H, CH2), 2.32 (m, 
1H, CH)  
13
C NMR (CDCl3, 400 MHz): δ 169.5, 132.7, 131.1, 130.6, 129.8, 128.8, 128.7, 127.0, 
126.4, 125.9, 125.8, 124.6, 124.3, 124.2, 124.2, 79.5, 72.0, 30.0.  
 IR (ATR solid): 3278 C≡H (vs), 3198 N-H (m), 2921, 2855, C-H (m), 2070 C≡C (w), 
1618 C=O amide I (s) 1600 C=O amide II (m)  cm
-1
. 
Preparation of compounds 2.6a and 2.6b
114
 
N-(prop-2-ynyl) pyrene-1-carboxamide
113
 (75 mg, 0.26mmol) and the desired 
ortho- or  meta- bis(azidomethyl)benzene (25 mg, 0.13 mmol), copper(II)sulfate (3.25 
mg, 0.013 mmol) and sodium ascorbate (5.15 mg, 0.026 mmol) were dissolved in  a 
mixture of acetone and water (15 mL, 4:1) and stirred at room temperature for 48 hours. 
The reaction mixture was then poured into ice cold water (20 mL) to obtain a solid which 
was filtered, washed with water (200 mL), and dried to give the desired isomer. 
Characterization of compound (ortho-2.6a):  Yield 75 mg, 0.1 mmol, 77 %; m.p. 244 C  
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1
H NMR (300 K, DMSO-d6, 400MHz):
 δ 9.24 (t, 2H, J = 5 Hz, NH), 8.47 (d, 2H, J = 10 
Hz, CHpy), 8.35 (s, 1H, CHpy), 8.34 (s, 2H, CHpy), 8.32 (d, 2H, J = 5Hz, CHpy), 8.29 (s, 
1H, CHpy), 8.24 (d, 2H, J = 10 Hz, CHpy), 8.18-8.21 (m, 6H, CHpy and CHtriazole), 8.09-
8.15 (m, 4H, CHpy), 7.37-7.39 (dd, 2H, J = 3.5, 5.6 Hz, CHAr), 7.20-7.22 (dd, 2H, J = 3.5, 
5.6 Hz, CHAr), 5.89 (s, 4H, CH2trizole), 4.69 (d, 4H, J = 5 Hz, CH2Namide).  
13
C NMR (300 K, CDCl3, 400MHz): δ 169.3, 134.8, 132.1, 131.9, 131.1, 130.6, 129.6, 
129.3, 128.8, 128.7, 128.3, 127.6, 127.0, 126.3, 126.1, 125.7, 125.0, 124.8, 124.2, 124.1, 
123.9, 50.4, 35.5.   
ESI-MS m/z [M + H]
+
 = 755.4 and [M + Na]
+ 
= 777.5; 
IR (ATR solid); 3339 N-H (m), 3115 C-H (w), 3037 C-H (w), 1633 C=O amide I(s), 1600 
C=O amide II (m), cm
-1
.   
Anal. Calcd for C48H34N8O2: H 4.54 %; N 14.84 %; C; 76.38 %  
Anal. Recalced for C48H34N8O29H2O10(CH3)2CO: H 4.43 %; N 14.32 %; C; 74.50 %  
Found for C48H34N8O29H2O10(CH3)2CO: H 4.72 %; N 14.26 %; C; 74.47 % 
Characterization of compound (meta-2.6b):  Yield 68 mg, 0.1 mmol, 69 %; m.p. 195C: 
1
H NMR (300 K, DMSO, 400 MHz):
 
 δ 9.22 (t, 2H, J = 5 Hz, NH), 8.49 (d, 2H, J = 10 
Hz, CHpy), 8.32-8.36 (m, 5H, CHpy), 8.30 (s, 1H, CHpy), 8.26 (s, 1H, CHpy), 8.20-8.24 (m, 
7H, CHpy and CHtriazole), 8.09-8.13 (m, 4H, CHpyrene), 7.40-7.43 (m, 2H, CHAr), 7.30-7.32 
(d, 2H, J = 8Hz, CHAr), 5.64 (s, 4H, CH2trizole), 4.67 (d, 4H, J = 5Hz, CH2Namide). 
 13
C NMR (300 K, CDCl3, 400MHz):  δ 169.3, 137.2, 132.1, 131.9, 131.2, 130.6, 129.7, 
128.8, 128.6, 128.3, 128.2, 128.1, 127.6, 127.0, 126.3, 126.1, 125.7, 125.1, 124.8, 124.2, 
124.1, 123.7, 53.0, 35.5. 
 ESI-MS m/z [M + H]
+
 = 755.1 and [M + Na]
+
 = 777.5;  
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IR (ATR solid); 3332 N-H (m), 3120 C-H (w), 3036 C-H (w), 1638 C=O amide I(s), 1596 
C=O amide II(m), cm
-1 
 Anal. Calcd for C48H34N8O2: H 4.54 %; N 14.84 %; C; 76.38 %  
Anal. Recalced for C48H34N8O210H2O35(CH3)2CO: H 4.28 %; N 14.01 %; C; 72.08 % 
Found for C48H34N8O210H2O35(CH3)2CO: H 4.91 %; N 13.95 %; C; 71.87 %. 
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CHAPTER III 
SIMULTANEOUS CATION AND ANION INDUCED SELF-ASSEMBLY 
Introduction 
Many sensors to date have been developed for detection of a particular cation or 
anion, thereby ignoring the effect of the counter-ion. The counter-ion is large and does 
not interact in any appreciable degree with the system under study. For example, if a 
molecular probe has been designed to target a cation, then large bulky anions such as  
perchlorate (ClO4
-
), tetrafluorboarate (BF4
-
), and  hexafluorophosphate (PF6
-
) are used.  
The reverse is true if one wants to target anions. These non-competitive counter-ions are 
deliberately used so that they do not affect the binding process for the particular target 
species. However, metal ion and anions always occur as ion pairs either as solvent-
separated ion pairs, contact ion pairs, or aggregated contact ion pairs. Salts rarely, if ever, 
exist as separate ions unless the medium is highly solvating.  Hence, smaller size counter 
ions could not be ignored. Moreover, non-competitive counter ions are not generally 
encountered in real-world applications, and hence inter-ion competition can be 
significant. Therefore, the most effective strategy is to design a receptor which can 
simultaneously detect both metal ion and anion within the same molecular host.
70
  
In Chapter II, the interactions of probes 2.6a and 2.6b with Zn
2+
 ions were fully 
investigated. However, a model compound i.e., the compound that only contains a single 
pendent arm was not reported. It transpires that the model system also bound Zn
2+
 ions. 
However, the binding mechanism is a consequence of both the cation and anion 
simultaneously “triggering” the molecular probe response. In particular, it is the 
simultaneous cation and anion induced self-assemble process. 
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 The self-assembly process is defined as the spontaneous and reversible 
association of two or more components to form large, non-covalently bound aggregate. 
Hydrogen bonding, π-stacking interactions, and metal-ligand interactions are some of the 
most commonly used interactions in synthetic self-assembly. In metal template self-
assembly, metals with specific geometrical preferences assist the formation of organized 
structures by self-assembly of target ligands.
52
 The variety of oxidation states, 
coordination numbers, geometries, and stabilities of transition metal complexes allows 
for a precise control over the structure and dynamics of the resulting assemblies.
129
 
Pyrene has been used as fluorophore in most of these receptors as it forms an excimer 
band upon, binding of analyte in syn orientation. This property of pyrene has been used in 
numerous examples for detection of metal ions
59, 130
 and anions
56, 131
 through a process of 
self-assembly. Some recent examples have been highlighted in previous chapters. 
One example that utilizes the induced self-assembly for sensing of anions is 3.1, a 
guanidinium receptor  which contains pyrene group.
52
 Compound 3.1 showed a 
structured emission band at 370-450 nm in CH3OH which was assigned to a pyrene 
monomer emission. In the presence of pyrophosphate (P2O7
4-
), a structureless band with 
an emission maximum at 476 nm appeared with quenching of monomer emission. The 
fluorescence titration of compound 3.1 with PPi in CH3OH showed that the intensity of 
emission at 476 nm increased up to 0.5 equivalents but reversed upon further addition of 
PPi. This suggested the formation of both 2:1 and 1:1 host:guest complexes whose 
association constants (K21 and K11) were calculated as 1.2 × 10
8 
M
-2
 and 1.0 × 10
4
 M
-1
, 
respectively. A much less effective response was found upon addition of other anions 
such as HPO4
2-
, H2PO4
-
, CH3COO
-
, SCN
-
, Cl
-
,
 
and Br
-
. The binding of 3.1with PPi was 
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also studied by 
1
H NMR in CH3OH-d4 and support the results of fluorescence that both 
2:1 and 1:1 complexes are formed. The up field shifts for the methylene and pyrene 
protons of 3.1 were observed until a 0.5 equivalent of PPi was added after which these 
protons showed downfield shifts. The observed shielding effects could be due to ring 
current effects,
132
 suggesting a complexation-induced aggregation of host molecules. In 
addition, the shape of the titration curve versus the PPi/3.1 ratio, coinciding with that 
obtained by fluorescent titration studies suggested that 2:1 and 1:1 host:guest complexes 
are formed. The association constants are calculated as be 9.8 × 10
7 
M
-2
 and 1.3 × 10
4
  
M
-1
, respectively, for the 2:1 and 1:1 complexes (Scheme 3.1). 
 
Scheme 3.1. The proposed binding mode of compound 3.1 with the P4O7
4-
.
52
 
A simple pyrene molecular probe (3.2) was developed by Kim et al. They showed 
that the self-assembly occurs upon the coordination of Cu
2+
 ion.
133
 Addition of Cu
2+  
ion 
to the compound 3.2 (6.0 µM in CH3CN) produced a strong static excimer band  at 460 
nm with increasing intensity in addition to weak monomer emission at 388 nm on 
excitation at 360 nm. The excimer emission intensity induced by the Cu
2+
 ion decreased 
as the space length increased (n =1-3) between the pyrene and amide group. This 
confirms that the lack of methyl functional group stabilizes the chelation ring between the 
nitrogen atom in the quinoline group and the oxygen atom on the amide group. Other 
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metal ions such as Li
+
, Na
+
, K
+
, Rb
+
, Cs
+
, Mg
2+
, Ba
2+
, Ca
2+
, Sr
2+
, Ag
+
, Zn
2+
, Cd
2+
, Hg
2+
, 
and Pb
2+ 
did not show any significant fluorescence changes. UV-Vis titration showed the 
band broadening and red shift (color change from colorless to red) in the spectra of 3.2 
upon the addition of Cu
2+
 ion which is attributed to the favorable intermolecular π-π 
stacked dimerization of the two pyrene groups in the ground state. The association 
constant (K12) was calculated to be 5.4×10
5 
M
-2 
in aqueous solution. The molecular probe 
3.2 has a detection limit of 1.0 µM (63 ppb) for Cu
2+
 ion within the limit of detection 
outlined by the EPA (Environmental Protection Act) which states the detection imit of 
~20 µM (1260 ppb) of Cu
2+
 ion in water.
134
 The experimental results are also supported 
by DFT calculations which indicate that the efficient excimer formation is due to the fact 
that LUMO and the HOMO of the complex are located on either of the two pyrenyl 
groups, respectively (Scheme 3.2). 
 
Scheme 3.2. Proposed binding mode of compound 3.2 with Cu
2+
 ion.
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Cao and co-workers synthesized a pyrene based fluorescent sensor (3.3)  for  Hg
2+
 
ion from 2,3,3-trimethylindolenine with high solubility in aqueous solution at 
physiological pH.
135
 An indolium was attached to pyrene to enhance the solubility of the 
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compound in aqueous solution. The fluorescence spectrum of the compound 3.3 showed 
the monomer emission bands at 381 and 400 nm on excitation at 340 nm in pH 7.4 
HEPES buffer (10 mM) solution. Addition of Hg
2+
 (0-20 µM) ions, as the perchlorate 
salt, led to significant fluorescence quenching without any wavelength shift. The 
maximum quenching was calculated to be an 87% reduction in fluorescence intensity 
compared to the free ligand when the concentration of Hg
2+
 ion was 4 µM. The other 
metal ions such as Na
+
, K
+
, Ca
2+
, Mg
2+
, Pb
2+
, and Cu
2+
 did not show any appreciable 
quenching. Thus, the fluorescence quenching induced by Hg
2+
 ion was attributed to a 
heavy atom and CHEQ (chelation enhanced quenching) effects (Chapter I).
90
 The 
association constant (K12) was calculated to be 5.1×10
7 
M
-2
. The formation of [Hg (3.3)2]
 
2+
 complex is also confirmed by 
1
H NMR spectroscopy. The amide proton of free ligand 
3.3 showed a downfield shift in presence of Hg
2+
 ion which indicates that the nitrogen 
atom is involved in coordination of Hg
2+
 ion through its lone pair of electron (Scheme 
3.3). The proton of amide would still shift to down field even when the Hg
2+
 ion was 
coordinated by the amide oxygen atoms due to an inductive effect. The author proposes 
that the oxygen atoms also play a role by coordinating with the Hg
2+
 ion. This is certainly 
a reasonable assumption; however, no IR studies and molecular modeling were carried to 
confirm the oxygen and metal binding interaction (Scheme 3.3). 
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Scheme 3.3. A chelation-enhanced quenching sensor complex formation of [Hg (3.3)2]
2+
 
in pH 7.4 HEPES buffer solution.
135
 
 
Sheng and co-workers developed a highly selective ratiometric fluorescent sensor 
(3.4) for Ag
+
 ion based on a rhodanineacetic acid-pyrene derivative (RAAP) which was 
synthesized by the condensation of rhodanine-3-acetic acid with 1-formylpyrene. 
Rhodanine-3-acetic acid acts as an electron acceptor while pyrene acts as an electron 
donor. These two units are linked together by a carbon-carbon double bond which offers 
a bridge for intramolecular charge transfer (ICT) to form an ICT state. Rhodanine-3-
acetic acid is a good ligand to coordinate Ag
+ 
ion due to the soft sulfur atoms that have a 
strong interaction with the soft Ag
+
 ions. The fluorescence spectrum of the compound 3.4 
(ex=381 nm) exhibits weak emission bands at 432 nm and 538 nm in CH3OH, which is 
assigned to the pyrene monomer emission and ICT effects, respectively. Upon addition of 
two equivalents of Ag
+
 ion to the compound 3.4 (5 μM), a new pyrenyl excimer band is 
observed at 448 nm with an approximate 15-fold enhancement of fluorescent intensity in 
comparison to free ligand. Presumably, conformational change brings the two molecules 
of 3.4 together to switch “on” the excimer signal. On the addition of NaCl (200 μl of 10 
mM) to [Ag (3.4)2]
 +
, the original fluorescence signal of the compound 3.4 is restored 
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demonstrating the reversibility of the chemosensor. Fluorescent screening against other 
metal ions such as Na
+
, K
+
, Mg
2+
, Ca
2+
, Ni
2+
, Zn
2+
, Cd
2+
, Hg
2+
, Pb
2+
, Mn
2+
, Fe
2+
, Cu
2+
, 
and Co
2+
 did not induce any enhancement or red-shift of fluorescent emission at 448 nm. 
The detection limit of this compound 3.4 for Ag
+ 
ion was found to be 1.0 ×10
-7 
M (10 
ppb). which complies with the standard of the EPA and the World Health Organization 
(WHO) for drinking water (5.0×10
-7 
M (54 ppb)).
126
 The compound is also a colorimetric 
sensor; by adding aliquots of Ag
+
 ion (up to three equivalents), a hypochromic shift is 
seen at 446 nm and a hyperchromic shift at 382 nm via a pseudo-isobestic point at 410 
nm which is an indicative of equilibrium other than a 1:1 complex, i.e., a 2:1 complex. 
The 
1
H NMR spectra of 3.4 in DMSO-d6 showed that  the signals at 8.81 and 4.81 ppm 
assigned to protons linked to C=C double bond and methylene protons were gradually 
shifted to downfield direction on increasing the amounts of Ag
+
 ion. This supports 
carboxylate group is involved in binding with Ag
+
 ion. The author proposed a binding 
mode shown in scheme 3.4; however, no molecular modeling calculations were reported 
to support their proposed dimer. Further, Ag
+ 
ion was shown to bind either by two sulfur 
atoms or by two oxygen atoms. It is unlikely that Ag
+
 ion will be bound by the oxygen 
atoms based on hard soft acid base principle (Scheme 3.4). 
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Scheme 3.4. The proposed binding mode of 3.4 with Ag
+
 ion.
130
 
In summary, the self-assembly of all the sensors so far developed are induced 
either by the metal ion or by the anion as discussed above. An effect of the counter ions 
on the self-assembly process was not mentioned at all. Further, an excimer emission has 
been used as a key signal for the self-assembly process in most of the sensors containing 
only one pyrene unit as sensing motif.  
As previously mentioned, the model compound for probes 2.6a and 2.6b was 
synthesized and showed some unexpected binding behavior. It is this behavior that will 
be discussed in this chapter. In fact, this system was one of the first examples to show 
that both the anion and cation are required for the sensing mechanism to work. 
Synthesis of Molecular Probe 3.6 
The commercially available pyrene-1-carboxylic acid is used as the starting 
material for the synthesis of compound 3.6. N-(prop-2-ynyl) pyrene-1-carboxamide (2.4) 
was prepared from pyrene-1-carboxylic acid by the same procedure as described in 
Chapter II.
113
 Benzyl azide (3.5) was prepared by reacting benzyl bromide with sodium 
azide in 3:1 [(CH3)2CO: H2O]. The benzyl azide (3.4) was confirmed by its characteristic 
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strong stretching band at 2089 cm
-1
 assigned to azide group in IR spectrum and its NMR 
data  agreed with the published procedure.
136
 Compounds 2.4  and 3.5  were “click” 
together via the azide-alkyne Huisgen cycloaddition reaction in the presence of copper 
sulfate and sodium ascorbate as catalysts in a 3:1 [(CH3)2CO: H2O] solution (Scheme 
3.5).
113
 A solid was obtained once the reaction mixture was poured into water which was 
filtered, washed with water and recrystallized from CH3CN to get the pure yellow 
compound (3.6) in an overall 50% yield. The disappearance of the signal at δ 4.42 ppm 
assigned to the terminal C≡CH hydrogen atom and appearance of a new signal at δ 7.68 
ppm (CDCl3), assigned to  the proton of newly formed triazole skeleton confirms the 
formation of desired product. The compound was fully characterized by 
1
H NMR, 
13 
C 
NMR, IR, ESI mass spectrum, elemental analysis, and by X-ray crystallography.  
This compound is synthesized as the model compound for the molecular cleft 
project in Chapter II. Therefore, it has only one pyrene as a fluorophore with triazole and 
amide functional groups. 
 
 
    
 
9
1 
 
Scheme 3.5. Synthesis of molecular receptor 3.6.
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Job’s Plot Study of Molecular Probe 3.6 
 In order to gain the information regarding speciation, a Job’s plot analysis was 
carried out. Here, both compound 3.6 (host) and ZnCl2 (guest) solutions are made in 
CH3CN and of 6.5 × 10
-4  
M. These two solutions are combined in varying ratio of host 
and guest from 0 to 1 with overall the same total molar concentrations. Fluorescence is 
measured at each mole fraction and fluorescence intensity ratio (I382/410) is plotted against 
mole fraction of ZnCl2. Since the minimum of the curve lies at 0.33, it corresponds to a 
2:1 (ligand:metal) stoichiometry (Figure 3.1). 
 
Figure 3.1. Job’s plot of compound 3.6 with ZnCl2 obtained by fluorescence 
measurements in CH3CN. The total concentration of compound 3.6 and ZnCl2 is 
6.48×10
 -4
 M where Χ ≈ 0.33 (2:1 ligand:metal ratio). The red lines are for visual 
interpretation only. 
X-ray Crystallographic Study of Molecular Probe 3.6 
The crystal of compound 3.6 was grown by slow evaporation in CH3CN at room 
temperature. The crystal structure shows that the pyrene units are in transoid orientation. 
The crystal packing of 3.6 exhibits acceptor bifurcated hydrogen bonding between amide 
oxygen atom of one molecule with the hydrogens of triazole and methylene group 
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(connected to benzene) of another molecule. The C-H (triazole)∙∙∙∙∙CO (carbonyl) 
distance  is 2.457Å, and CH2 (benzene)∙∙∙∙∙CO(carbonyl)  distance is 2.394 Å.There is 
also hydrogen bonding between amide hydrogen of one molecule with the traizole 
nitrogen atom of another molecule. The N-H (amide)∙∙∙∙∙N (triazole) distance  is 2.082 Å 
(Figure 3.2B). The fluorescence spectrum of the compound 3.6 shows monomer emission 
(Figure 3.2 A) which compliments the transoid conformation of compound 3.6 in crystal 
packing. 
(A)                                                                    (B) 
 
Figure 3.2. (A) Monomer emission of compound 3.6 in CH3CN (λex=340 nm), and (B) 
crystal packing in 3.6 showing hydrogen bonding.C-H (triazole)∙∙∙∙∙CO (carbonyl)=2.457 
Å, CH2 (benzene)∙∙∙∙∙CO (carbonyl)=2.394 Å, N-H (amide)∙∙∙∙∙N (triazole) = 2.082 Å. 
 
Optical Studies of the Molecular Probe 3.6 
The binding of compound 3.6 with metal ions is first studied by fluorescence 
spectroscopy. Compound 3.6 is synthesized as the model compound for the molecular 
cleft project in Chapter II. Therefore, compound 3.6 has only one pyrene functional group 
and hence is expected to produce only monomer emission. The fluorescence emission of 
3.6 should remain unchanged with metal ions as it does not have a suitable binding 
pocket for the binding of metal ions as in the molecular cleft (Scheme 2.4 in Chapter 
II).However, the formation of excimer emission upon the addition of any metal ions 
0
0.1
0.2
0.3
360 410 460 510 560
N
o
rm
.F
l.
In
. 
Wavelength (nm) 
94 
 
   
 
normally suggests the 3.6 is binding the metal ion by the self-assembly process as 
reported in the introduction. Organic solvent CH3CN is selected to study the fluorescence 
of compounds 3.6 as explained in the Chapter II. 
The fluorescence spectrum of compound 3.6 (6.5 × 10
-4
 M) shows two distinct 
emission bands at 380 and 400 nm with a broad shoulder at 420 nm on excitation at 355 
nm in CH3CN (Figure 3.2 and 3.3). These emissions are typical of pyrene derived 
monomers, assigned to the -* electron transitions. The fluorescence of compound 3.6 
was first studied by adding  ten equivalents of various metal ions such as Na
+
, Ag
+
, Mg
2+
, 
Cd
2+
, Zn
2+
, Co
2+
, Fe
2+
, Hg
2+
, Cu
2+
, Al
3+
, Fe
3+
, and Ni
2+
 (all are chloride salt except 
Co(NO3)2 and AgNO3) to 3.6 in CH3CN (Figure 3.3). An intense excimer band was 
observed with maximum around 420 nm with Zn
2+
 ion but not with other metal ions 
except very little by Cd
2+ 
ion (Figure 3.3). The fluorescence was quenched by the metal 
ions such as Fe
2+
, Fe
3+
, and Cu
2+
 ions which can be ascribed to a heavy atom effect or 
paramagnetic effect (Chapter I).
137, 138
Alkali and alkaline earth metal ions such as Na
+
 
and Mg
2+
 ions were found to increase the fluorescence.  Compound 3.6 was also titrated 
with different anions of tetrabutylammonium (TBA) salts such as TBACl, TBABr, TBAI, 
and TBANO3 but no excimer emission was observed as shown for the titration chart for 
TBACl in Figure 3.7. This clearly indicates that Zn
2+
 ion is responsible for the formation 
of excimer emission. The formation of excimer emission upon addition of Zn
2+
 ion 
indicates that it brings two pyrene units close together within the distance of π-π (0-5 Å) 
interaction in syn fashion. In order to better understand the binding process, fluorescence 
titration of compound 3.6 was carried out with ZnCl2 in CH3CN (Figure 3.5). 
Fluorescence intensity of monomer bands at 380 and 400 nm was decreased with 
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formation of excimer emission at 420 nm upon addition of increasing concentration of 
ZnCl2. In the later stages of titration ( three equivalents), there is a loss of defined 
spectroscopic transitions giving a broad and featureless band. This is consistent with a 
second Zn
2+
 ion coordination event of a much weaker affinity such as the formation of 
complexes with higher metal to ligand ratios. Fitting of fluorescence data to  HypSpec 
programe
116
 showed that compound 3.6 was found to bind ZnCl2 in an exclusively 2:1 
ratio with a binding constant calculated  to be K21=1.8 × 10
6 
M
-2
.  
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(A)                                                            
 
      (B) 
 
Figure 3.3. (A) Fluorescence selectivity chart, and (B) bart chart of compound 3.6 (6.5 × 
10
-4
 M and λex = 355 nm) in CH3CN upon the addition of ten equivalents of different 
metal ions as their Cl
-
 salts (*NO3
- 
salt).  
In the second part, the effect of different counter-ions of Zn
2+
 ion on the intensity 
of excimer emission of compound 3.6 was explored. Ten equivalents of different anions 
of Zn
2+
 (anion = F
-
, Cl
-
, Br
-
, I
-
, BF4
-
, SO4
2-
, H2PO4
-
, ClO4
- 
and NO3
-
) were added to 
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compound 3.6  in CH3CN. A distinct excimer emission at 420 nm was observed for only 
Cl
-
, Br
-
, NO3
-
, BF4
-
, and ClO4
-
 of Zn
2+ 
(Figure 3.4 B), whereas no excimer emission was 
observed for other anions (Figure 3.4 A). An increase in the fluorescence intensity of the 
monomer at 380 and 400 nm was seen for the remaining anions such as F
-
, I
-
, CN
-
, SO4
2-
, 
PO4
3-
, and CH3COO
-
. Furthermore, the intensity of the excimer emission is found more 
intense for ZnCl2 than any other zinc salts indicating that ZnCl2 brings two pyrene units 
closer than other zinc salt (Figure 3.4 B). 
(A)                                                                     (B) 
     
Figure 3.4. (A) Fluorescence spectra of compound 3.6 (6.5 × 10
-4
 M and λex = 355 nm) 
upon addition of ten equivalents of F
-
, I
-
, CN
-
, SO4
2-
, PO4
3-
, and CH3COO
-
 (B) Cl
-
, Br
-
, 
BF4
-
, ClO4
-
, and NO3
-
 of zinc in CH3CN. 
The absence of an excimer emission with ZnF2, ZnI2, Zn(CN)2, and Zn(OAc)2  
clearly suggests that zinc salt as a whole is templating the pyrene units to form the 
excimer emission. Full titration of the compound 3.6 was carried out for ZnCl2, ZnBr2, 
ZnI2, Zn(NO3)2, Zn(ClO4)2, ZnI2, and Zn(BF4)2 (Figure 3.5 and 3.6). The binding constant 
was calculated for all of these zinc salts using data from fluorescence titrations by 
HypSpec program (Table 3.1). Only ZnCl2 was found to bind the compound 3.6 
exclusively in a 1:2 ratio while other zinc salts bind in different ratios. The binding 
constant of compound 3.6 was also higher for ZnCl2 than other zinc salts. This could 
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mean ZnCl2 has the perfect shape and size to bind 3.6 in an exclusively 1:2 ratio to give 
the intense excimer emission whereas other zinc salts such as ZnBr2, ZnI2, and Zn(NO3)2 
due to  bigger in size and shape, bind 3.6 with more than one ratio such as 1:1 and 2:1 
ratios, and hence less intense excimer emission was observed (Figure 3.6). This is further 
supported by the absence of excimer emission with bigger size zinc salts such as Zn(CN)2 
and Zn(CH3COO)2. 
(A)                                                                         (B) 
     
Figure 3.5. Fluorescence titration of compound 3.6 (6.5 × 10
-4
 M and λex = 355 nm) with 
ZnCl2 in CH3CN. (A) fluorescence spectra and (B) binding isotherm. 
 
(A)                                                             (B) 
      
Figure 3.6. Fluorescence titration of compound 3.6 (6.5 × 10
-4
 M and λex = 355 nm) with 
Zn(NO3)2 in CH3CN. (A) fluorescence spectra and (B) binding isotherm. 
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(A)                                                             (B) 
         
Figure 3.7. Fluorescence titration of compound 3.6 (6.5 × 10
-4
 M and λex = 355 nm) with 
TBACl in CH3CN. (A) Fluorescence spectra and (B) Binding isotherm 
Table 3.1 
 
Binding constants (K21 & K11) determined by fluorescence titrations for the interactions 
between compound 3.6 and Zn
2+
 salts. The binding constant for TBAX (X=Cl
-
, Br
-
, I
-
, 
NO3
-
) were also determined, but their values were magnitudes smaller than the Zn
2+
 salts 
 
Zinc salts K (M
-1
 & M
-2
) Fluorescence 
 
ZnCl2 
 
K11 
K21 
 
≈ 0 
1.8×10
6
 
 
ZnBr2 
 
K11 
K21 
 
1.3×10
4 
1.2×10
2
 
 
ZnI2 
 
K11 
K21 
 
2.5×10
3 
7.4×10
5
 
 
Zn(NO3)2 
 
K11 
K21 
 
1.6×10
3 
5.2×10
4 
 
 
The Zn
2+
 ion is versatile with respect to the number of ligands it can adopt in its 
coordination sphere. Zn
2+
 ion is known to be tetrahedrally coordinated with halides in 
the inner coordination sphere, whereas octahedral Zn
2+
 is most common in aqueous 
solutions.
139
 However, there are many tetrahedral biological Zn
2+
 ion complexes, and 
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some of these systems are supported by extensive DFT studies to show the preference 
for the tetrahedral Zn
2+
 ion.
140
 Therefore, it is assumed that compound 3.6 is self-
assembled around the ZnCl2 in a tetrahedral fashion. Nitrate, on the other hand, can 
coordinate to the metal centre via two oxygen atoms and form an octahedral geometry. 
Therefore, we turned our attention to investigating the geometry by trying to elucidate 
the structure. 
1
H NMR Studies of Molecular Probe 3.6 
Fluorescence studies of compound 3.6 with different metal ions showed that an 
excimer band is produced upon the addition of Zn
2+
 ion. Further,  the intensity of the 
excimer band depends upon counter ions of Zn
2+
 and is found to be more intense for 
ZnCl2. However, as explained in Chapter II, fluorescence studies do not give any specific 
information about the nature of binding with the metal ion and its geometry. In order to 
gain further insight into the nature of binding and support the fluorescence results, the 
1
H 
NMR titration of compound 3.6 was carried with different anions of Zn
2+
 (ZnF2, ZnCl2, 
ZnBr2, ZnI2, and Zn(NO3)2 in CD3CN. A 10 and 100 mM concentration of compound 3.6 
and Zn
2+
 ions were used for the titration. The signals followed in the NMR experiment 
are highlighted in Figure 3.8 with their chemical shifts values in the free ligand in 
CD3CN.  
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Figure 3.8. 
1
H NMR assignments that are followed in the NMR titration experiments in 
CD3CN.The chemical shifts values of  A, B, C, and D in the free ligand 3.6 are δ 7.46 , 
4.74 7.85, and  5.56 ppm, respectively).  
 
There were significant downfield chemical shifts for the amide proton (A), 
triazole proton (C), and to a lesser extent, a modest chemical shifts for the singlet of CH2  
protons attached to amide (B) and benzene group (D), respectively, upon addition of Zn
2+ 
salts (Figure 3.9).  The largest spectral shifts were seen upon addition of ZnCl2 .The 
changes in chemical shifts for the NH (A), CH2 (B), CH (C), and CH2 (D) were 0.90, 
0.16, 0.25, and 0.10 ppm, respectively after addition of two equivalents of ZnCl2.(Figure 
3.9-3.11). The NMR shifts can be rationalized through close contacts between the triazole 
hydrogen and chloride atom on the Zn
2+
 ion centre. The chemical shift seen for the amide 
proton can be rationalized by the inductive effect. The coordination of amide oxygen 
atom to Zn
2+
 ion makes the carbonyl carbon more positive which in turn withdraws more 
electrons from nitrogen making amide hydrogen more acidic in nature and is shifted to 
downfield. On closer inspection of the NMR spectra, specifically the aromatic region 
around 7.0 ppm, compound 3.6 shows two sets of multiplets assigned to the benzene 
protons. Upon the addition of ZnCl2, only one set of equivalent signals is observed as 
shown in Figure 3.9. This can be explained by the lack of free rotation of the benzyl 
group upon coordination of Zn
2+
 ion and the resultant symmetry of the ZnCl2 complex. 
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Further, it could be indication of the formation of only one complex species as it is not 
observed in the titration of compound 3.6 with Zn(NO3)2. The multiplets assigned to the 
protons of benzene remained almost unchanged, and protons of pyrene are slightly 
shifted up field in comparison to ZnCl2. This suggests that the binding of compound 3.6 
with Zn(NO3)2 might be different in comparison to ZnCl2. The binding affinity of 
compound 3.6 with different anions of Zn
2+
 ion was calculated by using the HypNMR 
program
141
 and is shown in Table 3.2. The binding affinity of 3.6 with ZnCl2 was found 
greatest among the zinc salts and calculated to be greater than K21 = 1.0  10
5
 M
-2
. 
Besides, the binding of compound 3.6 with ZnCl2 forms a [ZnCl2 (3.6)2] complex that 
exists exclusively in the 2: 1 ratio, whereas non-linear curve fitting analysis can only be 
successfully refined for the other Zn
2+
 salts if other ligand-to metal stoichiometry are 
taken into consideration (Figure 3.14-3.15 and Table 3.2). This result is in good 
agreement with fluorescence studies and further supports that ZnCl2 binds the compound 
3.6 in completely 2:1 ratio in tetrahedral geometry to give the intense excimer emission. 
The 
1
H NMR titration of compound 3.6 was also carried out with different anions of 
tetrabutyl ammonium salts. The changes in the chemical shifts are insignificant as shown 
in Figure 3.13 for TBANO3 (Figure 3.16 for binding isotherm) and binding constant also 
magnitudes lower than zinc salts. 
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Figure 3.9. Partial 
1
H NMR Stack plot: Addition of ZnCl2 with compound 3.6 (10 mM) 
in CD3CN (aromatic region only). 
 
 
Figure 3.10. 
1
H NMR Stack plot: Addition of ZnCl2 with compound 3.6 (10 mM) in 
CD3CN for aromatic protons. 
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Figure 3.11. 
1
H NMR Stack plot: Addition of ZnCl2 with compound 3.6 (10 mM)  in 
CD3CN for CH2 protons attached to amide group (δ 4.74 ppm) and for CH2 protons 
attached to benzene group (δ 5.56 ppm). 
 
Figure 3.12. Partial 
1
H NMR Stack plot: Addition of Zn(NO3)2 with compound 3.6 (10 
mM)  in CD3CN (aromatic region only). 
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Figure 3.13. Partial 
1
H NMR Stack plot: Addition of TBANO3 with compound 3.6 (10 
mM) in CD3CN (aromatic region only). 
 
Figure 3.14. 
1
H NMR binding isotherms of compound 3.6 (10 mM) plus the addition of 
ZnCl2. 
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Figure 3.15. 
1
H NMR binding isotherms of compound 3.6 (10 mM) plus the addition of 
Zn(NO3)2. 
 
Figure 3.16. 
1
H NMR binding isotherms of compound 3.6 (10 mM) plus the addition of 
TBANO3. 
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Table 3.2 
Binding constants (K21 & K11) determined by 
1
H NMR titrations for the interactions 
between compound 3.6 and Zn
2+
 salts. The binding constant for TBAX (X=Cl
-
, Br
-
, I
-
, 
NO3
-
) were also determined, but their values were magnitudes smaller than the Zn
2+
 salts 
 
Zinc salts  K (M
-1
 & M
-2
) NMR 
 
ZnCl2 
  
K11 
K21 
 
≈ 0 
1.3×10
5
 
 
ZnBr2 
  
K11 
K21 
 
1.7×10
3 
5.2×10
5
 
 
ZnI2 
  
K11 
K21 
 
3.3×10
3 
3.6×10
5 
 
Zn(NO3)2  K11 
K21 
1.5×10
3 
1.1×10
5 
 
 
2D NMR Studies of Molecular Probe 3.6 
Binding of compound 3.6 with ZnCl2 was studied in greater detail by 2D NMR 
spectroscopy such as COSY, HMQC, HMBC, TOCSY, and ROESY to support the 
proposed  coordination environment of [ZnCl2(3.6)2]  that gives rise to the excimer band 
seen in the fluorescence. The structure of both compound and its ZnCl2 complex are 
confirmed by 2D NMR, and protons and carbons atoms are assigned accurately. As 
explained in Chapter II, ROESY, in particular gives a correlation of protons in space 
between same or different molecules. Hence, it plays an integral role in the structure 
elucidation of complex [ZnCl2(3.6)2]. Therefore, both free compound 3.6 and its ZnCl2 
complex are studied in detail by ROESY. 
A rOe spectrum of compound 3.6 showed five strong rOe signals labelled as (a), 
(b), (c), (d), and (e) in Figures 3.17 and 3.18. One of the most distinctive and important 
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rOe signal is between the NH proton and the hydrogen atom attached to C(10) on the 
pyrene moiety which is labelled as (a) in Figure 3.18.  This rOe signal disappeared upon 
addition of ZnCl2, and a new rOe signal is observed between the NH and C(2) proton 
(Figures 3.19 and 3.20). This clearly indicates that rotation about the C(1) has occurred 
upon binding of compound 3.6 with ZnCl2. This is also supported by the molecular 
modelling (Figures 3.22-3.23). The calculated distance between the NH group and C(2) 
H is greater than 4 Å for compound 3.6, so there is no rOe singal in the compound 3.6 
spectrum. But the calculated bond distance between the NH and C(2) H is 2.386 Å for the 
complex, a reasonable distance for an rOe signal. The proposed geometry is also 
supported by an additional weak rOe signal between the triazole proton and the ortho 
proton of the benzyl group which is labelled as (f) in Figure 3.20. But this rOe signal was 
not present in the free ligand. This suggests that ZnCl2 acts as a template for two 
equivalents of compound 3.6 to give the tetrahedral geometry. 
 
Figure 3.17. Correlation of protons labelled as (a), (b), (c), (d), and (e) seen in the 2D 
ROESY of free ligand (3.6) in CD3CN. 
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Figure 3.18. gROSEY of compound 3.6 (10 mM) in CD3CN. Calculated distances (a) 
2.585 Å, (b) 2.592 Å, (c) 2.861 Å, (d) 2.805 Å, and (e) 2.404 Å. from molecular 
modelling structures (Figure 3.23). 
 
Figure 3.19. Correlation of protons labelled as (a), (b), (c), (d), (e), and (f) seen in the 2D 
ROESY of complex [ZnCl2(3.6)2] in CD3CN.  
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Figure 3.20. gROSEY of complex [ZnCl2(3.6)2] in CD3CN: Calculated distances (a) 
2.386 Å, (b) 2.336 Å, (c) 2.983Å, (d) 2.738 Å, (e) 2.471 Å, and (f) 2.96 from molecular 
modelling structures (Figure 3.22). 
Molecular Modeling’s Studies of Molecular Probe 3.6 
The 
1
H NMR titration studies of the compound 3.6 with different anions of Zn
2+
 
salts is in agreement with the results of the fluorescence. In particular, 1D and 2D NMR 
studies with ZnCl2 support the tetrahedral geometry of [ZnCl2 (3.6)2] complex which is 
proposed based on the results of fluorescence. Further, it suggests that oxygen atoms of 
the amide group and hydrogen atoms of triazole groups are invoved in the binding of zinc 
and chloride atoms of ZnCl2, respectively. However, as explained in Chapter II, the 
geometry of complex cannot be confirmed solely on the basis of NMR studies. Attempts 
to grow the crystal of the host guest complex were unsuccessful. So molecular modeling 
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was carried out between molecular probe 3.6 and Zn
2+
 ions to explain the optical 
properties and geometry of the complex.  
All possible isomers for the [ZnCl2(3.6)2]  (X = F
-
, Cl
-
 and NO3
-
) complexes were 
modelled as shown in Figure 3.21: two tetrahedral enantiomers with non-coordinated 
anions (i and ii); two octahedral enantiomers with anions bound in cis positions and 
ligand nitrogens trans to each other (iii and iv); two octahedral enantiomers with anions 
bound in cis positions and ligand nitrogens cis to each other (v and vi); one octahedral 
isomer with anions bound in trans positions and ligand nitrogens trans to each other (vii); 
and one octahedral isomer with anions bound in trans positions and ligand nitrogens cis 
to each other (viii) 
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Figure 3.21. Relative energies of the geometric and optical isomers, for [ZnX2(3.6)2] (X = 
F
-
, Cl
-
 and NO3
-
). 
 
The equilibrium conformers for structures i through viii, as the dinitrate 
complexes, was determined using full conformational searching and molecular mechanics 
energy minimization methods (MMFF). Formal bonds between zinc and the ligands and 
anions were then removed, and the geometries reoptimized. The relative energies of the 
unconstrained complexes are given in Figure 3.25. The unconstrained five structures 
collapsed into either structure vii or viii. Structure viii has the potential for excimer 
activity, as observed experimentally, whereas vii does not. Structures vii and viii were 
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used as starting points for equilibrium geometry calculations. Initial refinement was at the 
semiempirical PM3d level, and the resulting structures used as input coordinates for 
density functional calculations (B3LYP/6-31G*). Calculations were undertaken in the gas 
phase as the titrations were carried out in mixed solvents for which adequate salvation 
models have yet to be developed. In the gas phase the binding energy of the syn-
[ZnCl2(3.6)2]  was -230 kJmol
-1
; the anti-conformer was less stable at -184.83 kJmol
-1
. 
The large values reflect complexation in the gas phase, and the experimental binding 
energies would be expected to be considerably lower due to the competitive nature of the 
solvents. 
Binding energies were determined as: 
ΔE (binding) = E (complex) – (E (Zn
2+
) + 2 E (Cl
-
) + 2 E (ligand)) 
Energies used are those of the geometry optimised complex and free ligand. 
The pyrene-pyrene interactions suggested that the more stable syn-[Zn(NO3)2 (3.6)2], was 
an excimer with the two pyrene groups  separated by 6.8 Å at an angle of 36° (Figure 
3.25 and Table 3.3). The pyrene groups in the [ZnF2(3.6)2]  structures were a similar 
distance apart: however, the angle between the pyrene moieties was now 76°, explaining 
the lack of excimer signal in the fluorescence study (Figure 3.21 and Table 3.3). In the 
analogous [ZnCl2(3.6)2]  complex, the interplane distance was calculated to be 4.4 Å at 
an angle of 4.9° (Figure 3.22 and Table 3.3). This explains why the excimer signal 
observed in the fluorescence studies is more intense for the chloride than the other Zn
2+
 
salts studied. The result can also be attributed to the ionic size of F
-
 (1.33 Å), Cl
-
 (1.81 
Å), and NO3
-
 (1.96 Å). The larger size of the chloride forces the pyrene units closer 
together. Another factor is the electronegativity of the fluorine and oxygen atoms, which 
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spreads the pyrene units further apart. The observation is supported by the calculated 
bond distances between the anion and CH (triazole), CH (methyl amide), and CH 
(benzyl) protons. The distance is shorter for anions that are more electronegative than 
chloride (Table 3.3). This is in agreement with the less intense excimer behavior 
observed in the NO3
-
 and F
-
 fluorescence studies.  
 
Figure 3.22. DFT fully optimised structure of [ZnCl2(3.6)2]. Calculated pyrene distance 
4.4 Å and angle 4.91°. 
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(A) (B) 
 
(C) 
Figure 3.23. (A) Molecular models of compound 3.6 (B) syn [Zn(NO3)2(3.6)2], and (C) 
syn [ZnF2(3.6)2]. 
Table 3.3 
 X-H and X-H
…
halide distances in angstroms (Å) 
 Free 
ligand(A) 
Syn-
L2Zn(NO3)2(B)* 
L2ZnF2
(C) 
 
L2ZnCl2 
 
 
N-H 
 
1.009 
 
1.111 
 
1.013 
 
1.1012 
 
Triazole H 1.079 1.082 1.085 1.081 
Triazole H....anion N/A 2.303 1.930 2.683 
CH2 (amide)....anion N/A 2.457 2.376 2.783 
BzH..anion N/A 2.456 1.93 3.008 
Pyerne excimer angle(°) N/A 36.38 76.06 4.9 
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Friedal Craft Acylation Protocol 
Metal salts often play a key role in chemical transformations, prevalent in drug 
synthesis. These metal salts are normally used as Lewis acids to catalyze the reaction. For 
example , ZnCl2 is used as commonly used as a Lewis acid in a Friedal Crafts 
alkylation,
142
 Friedal Craft acylation
143
, and Fischer indole synthesis.
144
 However, if 
proper purification is not carried out, then impurities can be found in the drug. The 
government has put high restrictions on the levels of heavy metal residues in the end 
product. Therefore, it is the subject of interest for the detection and removal of metal ions 
in the drug development. The contamination level of heavy metal remaining in the 
organic phase after an experimental work up generally ranges from five to 100 ppm.
145
 
In order to check whether a compound 3.6 can detect the residual ZnCl2 after the 
chemical reaction work up, a simple Friedal Craft acylation protocol was established  by 
preparing 1-(2,4-dihydrxoyphenyl)-ethanone from resorcinol using ZnCl2 as a Lewis acid 
(Scheme 3.6).
143
 The initial result showed that we do observe an excimer formation. But 
the amount of water in the system competes with the self-assembly process and prevents 
the qualitative detection limit. Detailed procedure for this test is described as follows: 
 
Scheme 3.6. Preparation of 1-(2,4 dihydroxphenyl) ethanone via a Friedel-Crafts 
acylation.
143
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Protocol 
In order to test our probe, a protocol was developed. To the solution of resorcinol 
(550 mg, 5 mM) in 2 mL of acetic acid was added 700 mg (5 mM) of ZnCl2. The mixture 
was heated under reflux on the oil bath for five hours. After cooling, the product was 
poured into 40 mL of ice water. The precipitate was sucked and crystallized from water 
to give desired product as dark red needles (92% yield). 
Observations of fluorescence changes, as preliminary tests for Zn
2+
 salts, were made after 
each test described below: 
Protocol one 
After the reaction was cooled, 40 mL of ice water was added to the solution. A 
red solid was precipitated out from the solution. The red solid was collected by filtration, 
and the filtrate was tested for residual ZnCl2. For this, 6.48×10
-4
 M concentration of 
compound 3.6 was prepared in CH3CN, and 2 mL of it was taken in the fluorescence cell. 
Aliquots of the filtrate were added to the fluorescence cell and run the fluorescence. 
Figure 3.24 shows the fluorescence spectrum of compound 3.6 alone and the addition of 
filtrate (50 μL). The two spectra are different, and we can see clearly an excimer peak at 
415 nm at this concentration. This initial test suggests that we can monitor the residual 
ZnCl2. 
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Figure 3.24. Fluorescence chart for protocol one. 
To observe whether or not any metal salt is remaining in the red solid, two 
additional tests were carried out as described below: 
Protocol two (First crystallization) 
 The red solid which was collected in protocol 1 above was recrystallized using 
hot water. Red needles of the desired 1-(2,4- dihydroxphenyl) ethanone product were 
collected upon cooling. The filtrate was then tested for residual ZnCl2 and tested using 
the same procedure as described above. Figure 3.25 shows the fluorescence spectrum of 
compound 3.6 alone and the addition of filtrate (50 μL). No significant spectral changes 
were observed: this suggests no Zn
2+
 salt was detected after this process. 
Protocol three (pure compound i.e., red needles)  
The pure compound obtained in protocol 2 was tested further for residual ZnCl2 
by preparing a solution of 1-(2,4- dihydroxphenyl) ethanone (1.31 × 10
-2
 M) in 100% 
water: small aliquots was again added to a 2 mL solution of 3.6 as described above. No 
spectral changes are seen.  
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Figure 3.25. Fluorescence chart for protocol two. 
 
In summary, this protocol showed that an excimer emission was observed from 
the solution of the first filtrate (protocol one). However, the excimer emission was not 
observed in the filtrate used for the recrystallization of the product (protocol two) as well 
as in the solid product (protocol three). It could be possible that ZnCl2 is present in very 
small amount at this stage (protocol two and three). The amount of water present in the 
system is also found to compete with the self-assembly process. Final confirmation of the 
presence of ZnCl2 can be carried out by other techniques such as atomic absorption 
spectroscopy and inductively coupled plasma mass spectrometry. 
Summary 
A pyrene-based triazole receptor was synthesized in good yield by azide-alkyne 
Huisgen cycloaddition reaction between N-(prop-2-ynyl) pyrene-1-carboxamide and 
benzyl azide. The structure of compound was also confirmed by X-ray crystal structure 
which shows that pyrene units are in transoid orientation. Fluorescence titration studies 
of compound (3.6) showed that an excimer emission is produced upon addition of Zn
2+
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ion. Only ZnCl2, ZnBr2, Zn(BH4)2, Zn(ClO4)2, and Zn(NO3)2 were found to produce an 
excimer emission with compound 3.6 showing the importance of size and shape of 
anions. Among zinc salts, ZnCl2 produced the most intense excimer signal suggesting 
ZnCl2 has the correct shape (tetrahedral geometry) and size to bind compound 3.6. 
Fluorescence titrations are found in good agreement with the 
1
H NMR titration studies 
and showed the compound 3.7 coordinate ZnCl2 exclusively in 2:1 ratio. The calculated 
binding constants from both 
1
H NMR and fluorescence showed that compound 3.7 has 
the higher affinity for the ZnCl2. 2D NMR, and DFT calculations also support the 
tetrahedral geometry of [ZnCl2(3.6)2]. This was the first time that the self-assembled 
simultaneous cation and anion induced excimer formation was shown. 
Experimental 
General procedure for fluorescence experiments  
  A stock solution (6.48  10-4 M) of compound 3.6 was prepared in CH3CN.  The 
solution was excited at = 355 nm and scanned from  360-600 nm with the slit widths 
set to 0.5 mm.  A 10 times more concentrated solution of the Zn
2+
 salt was prepared in 
CH3CN, and 10 L (10 L = 0.1 equivalent of metal salt) aliquots were added to 
compound 3.6.  The flourescence spectra was recorded after each addition.  Dilution 
factors were taken into consideration upon binding study determination.  The binding 
studies were pursued by fluorescence titrations using HypSpec 2006.
116
 
General procedure for 
1
H NMR experiment  
A 10 mM solution of compound 3.6 was prepared by dissolving 2 mg in 0.5 mL 
in CD3CN. A 10 times more concentrated solution of the Zn
2+
/tetrabutylammonium salts 
were prepared in CD3CN. Aliquot of 5 L (5 L = 0.1 equivalent of metal salt) was 
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added to the host, and the
 1
H NMR spectrum recorded after each addition.  The binding 
studies were pursued by 
1
H NMR titrations using HypNMR 2006.
141
  
General procedure for UV-Vis experiment 
A stock solution (6.5 × 10
-4
 M) of compound 3.6 was prepared by dissolving 2.7 
mg in 10 mL of CH3CN, and then 1 mL was transferred to the UV-Vis cell. From the 
stock solution eight dilute solutions ranging from 1.5 × 10
-5 
to 8.0 × 10
-5 
M
 
were prepared 
and the UV-Vis spectra were recorded for each sample. Molar absorptivity of compound 
3.6 was calculated at various wavelengths: 338 nm (ε = 6087 M-1 cm-1), 323 nm (ε = 
6087 M
-1
 cm
-1), 273 nm (ε = 6487 M-1 cm-1), and 239 nm (ε = 10851 M-1 cm-1). 
General Procedure for the Synthesis 
Preparation of azidomethylbenzene (compound 3.5)
146
 
Bromomethylbenzene (1.44g, 8.40 mmol) and sodium azide (1.04 g, 16.00 mmol) 
were dissolved in a 3:1 mixture of acetone and water (30 mL), respectively and stirred at 
room temperature for two hours. A mixture of dichloromethane (25 mL) and water (25 
mL) was then added to the reaction and stirred for 10 minutes.  The organic layer was 
separated and washed three times with water (50 mL), dried over magnesium sulfate, 
filtered, and the solvent pumped down to produce yellowish oil.  The oil was then 
subjected to column chromatography on silica (40-63m, 60 Å) using hexane and ethyl 
acetate as eluent (80:20), respectively, to produce the desired azidomethylbenzene as an 
oil; Yield (1.00 g, 7.5 mmol, 89%); 
1
H NMR (CDCl3, 400 MHz); δ 7.26-7.40 (m, 5H, CHAr), 4.30 (s, 2H, CH2) 
IR (ATR solid); 3000, C-H (w), 2089 N≡N (vs), cm
-1
. 
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Preparation of compound (3.6)
113
   
Compound 2.4 (100 mg, 0.34 mmol), azidomethylbenzene 3.5 (46 mg, 0.34 
mmol), copper(II)sulfate (20 mg, 0.08 mmol), and sodium ascorbate (67 mg, 0.34 mmol) 
were dissolved in  a 75% acetone water solution (20 mL) and stirred at room temperature 
for 48 hours. The reaction mixture was then poured into ice cold water (20 mL), where a 
precipitate formed. The solid was filtered, washed with water (25mL), and recrystallized 
with CH3CN, filtered and dried (70 mg, 0.168 mmol, 50%).  
1
HNMR (CDCl3, 400 MHz): δ 8.52 (d, 1H, J = 9 Hz, CHpy), 8.22 (d,1H, J =3 Hz, CHpy), 
8.20 (d, 1H, J=4 Hz, CHpy), 8.00-8.12 (m, 6H, CHpy), 7.68 (s, 1H, CHtriazole), 7.38-7.40 
(m, 3H, CHAr), 7.28-7.32 (m, 2H, CHAr), 6.99 (s, 1H, NH), 5.55 (s, 2H, CH2CAr), 4.86 (d, 
2H, J=5Hz, CH2Namide) 
13
C NMR (CDCl3, 400 MHz): δ 170.0, 134.5, 132.7, 131.1, 130.6, 130.2, 129.2, 128.8, 
128.7, 128.1, 127.1, 126.3, 125.8, 125.7, 124.7, 124.3, 124.3, 122.4, 54.3, 35.7. 
IR (ATR solid): 3243 N-H (m), 3034, 3962, C-H (m), 1640 C=O amide I (s) 1596 C=O 
amide II (m) cm
-1
. 
Anal. Calcd for C27H20N4O: H 4.84 %; N 13.45 %; C 77.87 %  
Anal Recalcd for C27H20N4O.0.5 CH3CO2CH2CH3:   H 5.25 %; N 12.15 %; C 75.63%;  
Found for C27H20N4O.0.5 CH3CO2CH2CH3; H 4.77 %; N 12.70 %; C 75.43 %.  
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CHAPTER IV 
SUGAR FUNCTIONALIZED MOLECULAR PROBE FOR Fe
3+
 ION 
Introduction 
A significant disadvantage of the molecular probes discussed in Chapters II and 
III is their poor solubility in most of the polar solvents such as CH3CH2OH, CH3OH, and 
H2O due to pyrene’s hydrophobic nature. The solubility issue is more pronounced when 
the sensors contain more than one pyrene unit. In fact, this is the major issue for many 
pyrene based molecular receptors. This limits the practical application of pyrene based 
sensors, particularly in the detection of ions in biological and environmental situations. 
Development of chemosensors incorporating the sugar group either as a scaffold or as 
binding sites is one effective strategy to overcome the water solubility issue.
147, 148
 The 
hydroxyl groups and oxygen atoms of the sugar units can also act as the suitable 
coordination sites for cations.
149
 The uses of sugar groups impart the high water solubility 
features for the sensors. Moreover, the sugar units are naturally abundant, biocompatible, 
and low toxic raw materials with rich configurational and structural diversities.
150
 Hence, 
sugars can act as useful platform for making water soluble molecular receptors. 
The Wu group has carried out significant work on sugar based chemosensors for 
the detection of metal ions.
151, 152
 One example which uses D-ribose sugar and pyrene as 
a fluorophore is fluorescent chemsensors 4.1  and 4.2  for detection of Hg
2+
 ion.
153
 Both 
compounds 4.1 and 4.2 showed selective quenching of monomer and excimer emissions 
on the addition of Hg
2+
 ion in CH2Cl2:CH3OH (80:20, v/v, ex=344 nm) solution. This is 
attributed to the quenching induced by the electron transfers. The chain lengths of the 
ethylene ether groups did not affect their selectivity for the Hg
2+
 ion. The association 
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constant for [Hg(4.1)]
2+
 and [Hg(4.2)]
2+
 were calculated to be 1.73×10
5
 M
-1
 and 4.43× 
10
5
 M
-1
 by a Stern-Volmer plot. The detection limits for the Hg
2+
 ion were determined to 
be 10 and 15 µM for 4.1 and 4.2, espectively. Molecular modeling showed that the Hg
2+
 
ion is coordinated by the triazole nitrogen atoms (i.e., average calculated bond length of 
Hg-N (2) and Hg-N (3) was estimated at 4.09 and 4.17 Å, respectively) (Scheme 4.1). 
 
Scheme 4.1. Proposed binding mechanism of 4.1 and 4.2 with Hg
2+
 ion based on 
computation calculation.
153
 
 
Rao et al. has also carried out significant work based on the sugar system.
154, 155
 
One recent example of their work utilizing sugar and a thiourea is acelylated 
glucopyranosyl-antraquione (4.3) which acts as both a colorimetric and fluorescent “On-
Off” chemosenosor selective for F- ion in CH3CN.
156
 The fluorescent intensity of 
compound 4.3 (5 µM, ex=430 nm) at 540nm enhanced gradually only in the case of F
-
 
ion but not with other anions such as Cl
-
, Br
-
, CH3COO
-
, N3
-
, CO3
-
, NO2
-
, NO3
-
, SCN
-
, 
SO4
2-
, ClO4
-
, HSO4
-
, HCO3
-
, H2PO4
-
, P2O7
4-
,  as well as disodium salts of  adenosine 
mono, di or  tri phosphates. The fluorescent emission intensity of 4.3 was enhanced by a 
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~ 13-folds upon binding with F
-
 ion , which is attributed to the inhibition of ESIPT.
157
 
The binding constant of 4.3 with F
- 
ion was calculated to be 5903 M
-1
 by using a Benesi-
Hildebrand equation. The minimum concentration of F
- 
ion that can be detected by 4.3 is 
1.03 × 0
-6 
M. The reversibility of compound 4.3 was demonstrated by the titration with F
-
 
ion followed by Ca
2+
 ion for several cycles. Furthermore, the compound 4.3 shows a 
bathochromic shift of 75 nm in its absorption maximum upon interaction with F
-
 ion. 
This could be the result of the involvement of the F
-
 ion in H-bonding which in turn leads 
to the deprotonation of thiamide-NH to form HF2
-
 ion. Formation of HF2
-
 ion was also 
shown by 
1
H NMR and 
19
F NMR studies. The 
1
H NMR spectrum shows the signals at 
11.5 and 9.9 ppm for thioamide protons next to anthraquinone and sugar, respectively. 
Thioamide proton attached to anthraquinone shifted to downfield and broadened after one 
equivalent F
-
 ion indicating the hydrogen-bonding interaction between F
-
 and N-H 
protons. After the addition of two equivalents, a new triplet signal appears at 16.1 ppm (J 
= 126 Hz) of which the intensity increases upon further addition of F
-
 ion. This signal is 
indeed suggestive of the formation of bifluoride (HF2
-
) ion thus supporting the 
deprotonation of the thioamide NH proton.
19
F NMR spectrum of TBAF (tetrabutyl 
ammonium fluoride) in DMSO-d6 shows a singlet at -102.1 ppm corresponding to the F
-
 
ion. Upon the addition of F
-
 ion to 4.3, an up field shift by -103.3 is seen for the F
- 
ion 
signal. The formation of HF2
-
 ion has been shown through the doublet observed at -142 
ppm (J = 128 Hz). The structural features of the F
- 
ion bound 4.3 and the formation of 
HF2
-
 ion complexes were established by DFT modelling (Scheme 4.2). The fluorescence 
responses of compound 4.3 is utilized as output to build an INHIBIT logic gate by using 
F
-
 and Ca
2+
 ions as inputs (Table 4.1 and Figure 4.1). The output is zero when (a) both F
- 
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and Ca
2+
 ions are absent, (b) Ca
2+
 ion alone is present, or (C) both F
-
 and Ca
2+
 ions are 
present, and this corresponds to the gate being closed and hence termed as “OFF”. When 
F
-
 ion alone is present, the output is one, and this corresponds to the gate being open and 
hence termed as “ON”. Thus, 4.3 can act as INHIBIT (INH) logic gate as shown in Table 
4.1 and Figure 4.1. 
 
Scheme 4.2. Proposed binding mechanism of 4.3 with F
-
 ion based upon DFT 
calculations.
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Table 4.1 
Molecular logic gate table 
 
 
Inputs Output 
 
F
-
 
 
    Ca
2+
 
INHIBIT  logic gate 
(Intensity), ex= 540 nm 
 
0 
 
0 
 
Low fluorescence 
           
         0 
 
1 0 High  fluorescence           1 
 
0 1 Low  fluorescence           0 
 
1 1 Low  fluorescence           0 
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Figure 4.1. The symbolic representation of the INHIBIT logic gate function. 
 
Tiwari and co-workers developed two sugar based fluorescent chemosensors 
4.4a(para) and 4.4b (meta) for the selective recognition of Cu
2+
 ion.
158
 The fluorescence 
of 4.4a and 4.4b showed a broad and strong emission band at 355 nm (ex= 320 nm) in 
CH3CN. This is a typical emission band for a coumarin group. The fluorescence of both 
compounds 4.4a and 4.4b is quenched in the presence of Cu
2+
 ion but not with the other 
metal ions (Li
+
, K
+
, Na
+
, Cd
2+
, Zn
2+
, Mn
2+
, Hg
2+
,Co
2+
, Ni
2+
 and Fe
2+
). The fluorescent 
quenching efficiency of about 71% and 68% was observed upon addition of ten 
equivalents of Cu
2+
 ion for 4.4a and 4.4b, respectively. The Cu
2+
 ion induced 
fluorescence quenching might be ascribed to the photo induced electron transfer (PET) 
from coumarin fluorophore to bound Cu
2+
 ion (Figure 1.12). The detection limit of 
probes 4.4a and 4.4b with Cu
2+
 ion were both calculated to be around 7µM (445 ppb), 
respectively. The binding constants for [Cu(4.4a)]
2+
 and [Cu(4.4b)]
2+
 complexes were 
calculated to be 3.3×10
3
 and 5.9×10
3
M
-1
, respectively. DFT calculations were carried out 
to examine the precise co-ordination mode of 4.4a or 4.4b with Cu
2+
 ion. Theoretical 
calculations showed that optimized structures of 4.4a adopted trans, and 4.4b adopted cis 
arrangement of triazolocoumarin arms with respect to central phenyl ring. DFT study also 
showed that Cu
2+
 ion was coordinated to the triazole nitrogen (N (2) of triazole) atom and 
oxygen atoms of coumarin carbonyl groups. The optimized structures of [Cu(4.4a)]
2+
 and 
[Cu(4.4b)]
2+
 adopted a square planner and distorted square planner geometry  (Scheme 
4.3).  However, it was interesting to note that the author did not mention the effect of 
F
-
 
Ca
2+
 
Inputs Output
I540  
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other trivalent metal ions such as Fe
3+
, Cr
3+
, and Al
3+
 ions on the fluorescence of 
compound 4.4a and 4.4b. In fact, Fe
3+
 ion is well known for quenching fluorescence due 
to its paramagnetic properties, and it is suspected that this may also have a similar 
response. 
 
Scheme 4.3. Proposed binding mechanism of 4.4a and 4.4b with Cu
2+
 ion.
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In summary, the use of sugar groups as a scaffold or as potential coordinating 
sites in the development of chemesensors has improved significantly the solubility in 
most of the polar solvents. Howeve,r there are still very few sensors that utilize sugar 
groups, presumably due to the challenges associated with carbohydrate chemistry. 
In the previous chapter (II), it was shown that pyrene functionalized with amide 
and triazole groups can form a simultaneous anion-cation binding. The signal is 
generated by the self-assembled induced excimer that forms upon the addition of zinc 
salts. In this chapter, an analogous compound 4.7 is designed by replacing the benzene 
ring for a sugar group (methyl-2, 3, 4-tri-O-acetyl-α-D-Glucopyranoside). It is expected 
that the compound 4.7 should be highly soluble in the polar solvent and undergo self-
assembly process upon addition of Zn
2+ 
ions as discussed in the Chapter II. It could be 
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possible that the sugar group might involve in the binding of metal ions and undergo self-
assembly process with different metal ion. It is expected that the sugar group might help 
the self-assembly to occur in the polar solvents.  
Synthesis of Molecular Probe 4.7 
N-(prop-2-ynyl) pyrene-1-carboxamide (2.4) was prepared form pyrene-1-
carboxylic by the same procedure as described before in the previous Chapter.
113
 α-D-
methyl glucopyranoside was used as the starting material for the preparation of methyl 
2,3,4-tri-O-acetyl-6-azido-6-deoxy-α-D-glucopyranoside. α-D-methyl glucopyranoside 
was first tosylated selectively at the  primary OH group (attached to CH2 (C6)) by 
reacting with tosyl chloride in dry pyridine at 0
о 
C for six-eight hours (Scheme 4.4). The 
remaining secondary hydroxyl groups at 2, 3, and 4 positions were then acylated by 
reacting with acetic anhydride at room temperature for 12 hours. The impure viscous 
liquid obtained after evaporation of CHCl3 was extracted, and the mixture was then 
purified by silica gel column chromatography [ethyl acetate (2):hexane(8)] to obtain 
methyl 2,3,4-tri-O-acetyl-6-O-p-toulenesulfonyl-α-D-glucopyranoside (4.5) as a pure 
clear  viscous liquid in overall 75% yield. The compound 4.5 was confirmed by the 
signals of three acetyl groups ( δ 1.87-1.895 ppm) and tosyl groups (at  δ 2.37 for CH3 
group attached to benzene and double doublet signals for benzene at δ 7.69 and 7.29 ppm 
in CDCl3), respectively in 
1
H NMR spectrum. The 
13
C NMR also clearly showed the 
signals for carbonyl groups at 169 ppm. Compound 4.5 is further confirmed by the 
stretching band of C=O group of acetyl at 1748 cm
-1
 in the IR spectrum. Its spectroscopic 
data (
1
H NMR, 
13
C NMR and IR) is in agreement with the literature value.
159-161
 Methyl 
2, 3, 4-tri-O-acetyl-6-O-p-toulenesulfonyl-α-D-glucopyranoside (4.5) was then converted 
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into methyl 2, 3, 4-tri-O-acetyl-6-azido-6-deoxy-α-D-glucopyranoside by reacting with 
sodium azide in DMSO at 100
 o
C for four hours followed by stirring at room temperature 
for 16 hours. The compound (4.6) was obtained a pure white solid after column 
chromatography [ethyl acetate (1): hexane (9)] of the viscous liquid obtained after 
evaporation of CH2Cl2. The azide (4.6) was confirmed by its characteristic strong 
stretching band at 2092 cm
-1
 for azide functional group in IR spectrum and the 
disappearance of aromatic signals of benzene protons in the 
1
H NMR spectrum. Its 
spectroscopic data, (
1
H NMR, 
13
 C NMR and IR) was in aggreement with the published 
procedure.
159
 The final step was to carry out the “click” reaction by refluxing  2.4 and 4.6 
in the presence of copper sulfate and sodium ascorbate as catalysts in 1:1 ((CH3)2CO: 
H2O) solvent  for overnight.
114
 The evaporation of ethyl acetate extract of the reaction 
mixture gives the compound as a pure light yellow solid (4.7).  No further purification 
was needed. The disappearance of the signal at δ 4.42 ppm for the terminal C≡CH 
hydrogen and the appearance of new signals at δ 7.89 and 7.54 ppm (CD3CN) in the 
1
H 
NMR indicates the formation of the desired product. The IR spectrum also showed the 
stretching bands of amide group  at 3285, 1633, and 1601 cm
-1 
for N-H (m), C=O (s) 
amide I, and C=O (w) amide II, respectively . The compound 4.7 was characterized by 
1
H 
NMR, 
13 
C NMR, IR, ESI mass spectrum, and elemental analysis (Scheme 4.4). 
This compound is synthesized as analogous to compound 3.6 in Chapter III 
hoping that the compound will be highly soluble in water and helps the self-assembly 
process to occur in polar solvents. 
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Scheme 4.4. Synthesis of molecular probe 4.7. 
Job’s Plot Study of Molecular Probe 4.7 
As explained in previous chapters, stoichiometry of the complex is very important 
to calculate the binding constant from any optical titration experiment. Therefore, the 
stoichiometry of binding of compound 4.7 with the Fe(ClO4)3 is determined by a Job’s 
plot analysis. Each host and guest solution is prepared in CH3CN and of 1×10
-4 
M. Both 
solutions are then mixed to give overall the same total molar concentration i.e., 1×10
-4 
M 
but varying ratio of host and guest from 0 to 1. Fluorescence is measured for each mole 
fraction, and the fluorescence intensity of monomer emission at 376 nm was plotted 
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against the mole fraction of Fe(ClO4)3. The minimum of the curve lies at 0.33 which 
corresponds to 2:1 (Ligand: metal) stoichiometry (Figure 4.2). 
 
Figure 4.2. Job’s plot of compound 4.7 with Fe(ClO4)3 obtained by fluorescence 
measurement. The total concentration of compound 4.7 and Fe(ClO4)3 is 1×10
-4 
M in 
CH3CN.  
Optical Studies of the Molecular Probe 4.7 
Fluorescence spectroscopy 
The binding behavior of compound 4.7 was first studied towards various metal 
ions by fluorescence spectroscopy. As discussed in Chapter II, compound 4.7 is expected 
to produce only monomer emission as it has only one pyrene unit as a sensing motif. 
However, compound 4.7 should undergo self-assembly process by the formation of 
excimer emission upon the addition of target metal ion (Zn
2+ 
ion). Organic solvent 
CH3CN is selected to study the fluorescence of compounds 4.7 as explained in the 
Chapter II. 
The fluorescence spectrum of compound 4.7 (10 μM) shows typical pyrene 
monomer emission bands at 378 and 398 nm on excitation at 340 nm as we saw for the 
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other pyrene compounds in Chapter I and II. The fluorescence of compound 4.7 was 
studied by adding one and a half equivalent of various metal ions such as Na
+
, K
+
, Ag
+
, 
Ca
2+
, Mg
2+
, Cd
2+
, Zn
2+
, Co
2+
, Fe
2+
, Hg
2+
, Cu
2+
, Al
3+
, Cr
3+
, and Fe
3+
 (all are perchlorate 
salts except CrCl3 and HgCl2) to compound 4.7. An excimer emission was observed with 
a maximum around 465 nm with Fe
3+
 ion instead of Zn
2+
 ion. It could be possible that 
sugar functional groups might change the selectivity of metal ion from Zn
2+
 to Fe
3+
 ions. 
Further, an excimer emission was produced at 465 nm instead of 420 nm. The red shift in 
excimer emission indicates that this could be the dynamic excimer. (Figure 1.7, Chapter 
I). None of the other metal ions forms the excimer band around 465 nm except very little 
by Al
3+
 and Fe
2+
 ions (Figure 4.3). In fact, almost all other metal ions quench the 
fluorescence of compound 4.7. In case of transition metal ions, quenching may be 
ascribed to the cation-π interactions between heavy atom and electron rich pyrene 
(Chapter I).
90
 The excimer emission was also not observed upon the titration of 
compound 4.7 with tetrabutylammonium salts such as TBACl in Figure 4.7 which clearly 
suggests that Fe
3+
 ion is responsible for the formation of the excimer band and is 
templating the two pyrene units. 
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Figure 4.3. Bar chart of compound 4.7 (10 μ M and λex = 340 nm) in CH3CN upon the 
addition of 1.5 equivalents of different metal ions as their ClO4
- 
salts (*Cl- salt). 
Fluorescence titration of compound 4.7 was carried out with Fe(ClO4)3 to better 
understand the binding mechanism. Addition of Fe
3+
 ion to the solution of compound 4.7 
decreased the pyrene monomer emission bands at 380 and 400 nm with a concomitant 
formation of a new red shifted; structureless broad band centered on 465 nm, a typical of 
pyrene excimer fluorescence, with a clear isoemissive point at 425 nm (Figure 4.4). The 
isoemissive point was observed only up to 1.2 equivalents indicating the formation of 
only one complex species. The intensity of excimer band increased with the increase in 
the concentration of Fe
3+
 ion but plateaued out after one equivalent. A higher 
concentration of Fe
3+
 ion results in a decrease of both monomer and excimer band 
intensities due to the quenching ability of the Fe
3+
 ions. Fitting of fluorescence data to the  
HypSpec programe
116
 (Figure 4.5) showed that compound 4.7 was found to bind Fe
3+
 ion 
in an exclusivley 2:1 ratio with a binding constant calculated  to be K21=1× 10
10
 M
-2
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(A) (B) 
       
Figure 4.4. Fluorescence titration of compound 4.7 (10 µM) with Fe(ClO4)3 (100 µM) in 
CH3CN. Fluorescence spectrum (A), and (B) its binding isotherm. λex= 340 nm. 
  
Figure 4.5. Binding isotherm of fluorescence titration of compound 4.7 with Fe(ClO4)3 
from HypSpec program.
116
 
(A)                                                       (B) 
 
Figure 4.6. Fluorescence titration of compound 4.7 (10 µM) with Fe(ClO4)3 (100 µM) in 
CH3CN. Fluorescence spectrum (A), and (B) its binding isotherm. λex= 340 nm. 
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(A) (B) 
     
Figure 4.7. Fluorescence titration of compound 4.7 (10 µM) with TBACl (100 µM) in 
CH3CN. Fluorescence spectrum (A), and (B) its binding isotherm. λex= 340 nm. 
Compound 4.7 was also titrated with various anions of Fe
3+
 ion such as 
Fe(ClO4)3, FeCl3, FeBr3, and Fe(NO3)3 (Figures 4.6 and 4.8). A very little excimer band 
was formed with decrease in monomer emission even at higher concentration (1 mM) for 
FeBr3 and Fe(NO3)3 (Figure 4.8). This shows that the size of anions also plays a key role 
in the formation of excimer emission. More importantly, the iron salts such as FeBr3 and 
Fe(NO3)3 do not dissociate as freely than the Fe(ClO4)3 in CH3CN. This  makes the two 
pyrene units far enough to feel the excimer band though Fe
3+
 ion is still coordinated to 
the compound 4.7.
162 
 The geometry around the Fe
3+ 
ion is proposed to be octahedral, and 
pyrene units adopt a syn configuration (Scheme 4.5).  
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Figure 4.8. Bar chart of compound 4.7 (10 μM and λex = 340 nm) in CH3CN upon the 
addition of 1.5 equivalents of different anions of iron. 
 
 
Scheme 4.5. Proposed binding mechanism of compound 4.7 with Fe
3+
 ion. 
1
H NMR Studies of Molecular Probe 4.7 
Fluorescence studies of compound 4.7with different metal ions showed that an 
excimer emission is produced around 465 nm upon addition of Fe
3+
 ion. However, as 
explained in Chapters II and III, fluorescence studies do not give information about the 
particular functional groups that is involved in the binding of metal ion. Particularly in 
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this project, it is very important to know whether a sugar group (acetyl, ring oxygen, and 
–OCH3 groups of glucose) is involved in the coordination of Fe
3+ 
ion or not. In order to 
get this binding information and support the fluorescence results, 
1
H NMR titration of 
compound 4.7 was carried out with Al(ClO4)3  in CD3CN. Al(ClO4)3 is selected instead of 
Fe(ClO4)3 for the 
1
H NMR titration  as the signals of protons became excessively broad 
and quenched upon addition of Fe(ClO4)3 in the 
1
H NMR spectrum. However, Al
3+
 salts 
can be used as the geometry mimic of Fe
3+
 ions due to the same size and charge. Both 
aluminium and iron are paramagnetic species. Aluminium has a spin quantum number of 
nucleus greater than one (I=5/2 for Al
3+
). Thus, they have a non-spherical charge 
distribution and affect the relaxation time, which consequently affect the line width of the 
signal and coupling with neighboring nuclei.
163
 
A 10 mM solution for compound 4.7 and a 100 mM for Al(ClO4)3 were used in 
1
H 
NMR titration. The signals followed in the 
1
H NMR experiment are highlighted in Figure 
4.9 with their chemical shifts values in the free ligand in CD3CN.  
 
 
Figure 4.9. 
1
H NMR assignments that are followed in the NMR titration experiments in 
CD3CN.The chemical shifts values of  A, B, C and D in the free ligand 4.7 are δ 7.54, 
4.76 7.92, and 3.12 ppm, respectively. 
The protons of compound 4.7 are assigned on the basis of 2D NMR (COSY, 
HMQC, HMBC, and ROESY). A significant change in the chemical shifts was observed 
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for amide proton (A) and triazole proton (C) while the other protons such as CH2 groups 
attached to amide (B) and sugar (D) changed to a lesser extent (Table 4.2 and Figure 
4.10). For example, the changes in the chemical shift for NH (A), CH2 (B), and CH(C) 
groups after the addition of one equivalent of Al((ClO4)3 were 0.35, 0.09, and 0.57 ppm, 
respectively (Figures 4.9-4.11). The downfield shifts of triazole and amide protons can be 
rationalized through the inductive effect after coordination with the metal ion. For 
example, the amide oxygen atom on coordination with metal ion makes the carbonyl 
carbon more positive which, in turn, pulls out electron from amide nitrogen becoming 
more acidic. The hydrogen atom attached to carbon number two of pyrene also shifted 
into downfield by 0.08 ppm (from 8.55 to 8.63 ppm) after the addition of Al(ClO4)3.This 
further supports that the coordination of Al
3+
 ions by the carbonyl oxygen atoms of 
compound 4.7 is reasonable. Surprisingly, the changes in the chemical shifts of the 
protons of sugar (acetyl, ring oxygen, and –OCH3 groups of glucose) are negligible 
which indicates that the sugar group might not be involved in the coordination of Al
3+
 
ion. The binding affinity (K21) of 4.7 for Al
3+
 ions was calculated to be greater than 1× 
10
6
 M
-1
 (Figure 4.12). Most importantly, there was almost no change in the chemical 
shifts of the protons after addition of half equivalent of Al(ClO4)3 (Figures 4.10-4.11). 
This confirmed that 4.7 is binding Al
3+
 ion in 2:1 stoichiometry ratio.  
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Figure 4.10. Partial 
1
H NMR stack plot: Addition of Al(ClO4)3 to compound 4.7 in 
CD3CN (aromatic regions only). 
 
Figure 4.11. Partial 
1
H NMR stack plot: Addition of Al(ClO4)3 to compound 4.7 in 
CD3CN (sugar group only). 
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Figure 4.12. 
1
H NMR binding isotherm of amide proton (A) and –OCH3 (attached to 
carbon number 20) group of sugar of compound 4.7 upon addition of Al(ClO4)3. 
 
Table 4.2 
Change in chemical shift of compound 4.7 after addition of one equivalent of Al(ClO4)3 in 
CD3CN 
 
Signals Chemical shift 
at 0.0 equivalent 
Chemical shift 
after 1.0 equivalent 
 
Difference 
 
2-CH 
 
8.55 
 
8.62 
 
0.07 
NH 7.54 7.90 0.36 
12-CH2 4.76 4.85 0.09 
14-CH 7.92 8.49 0.57 
15-CH2 4.49 and 4.60 4.78 0.28-0.18 
16-CH 4.20 4.33 0.13 
17-CH 4.89 4.90 0.008 
18-CH 5.33 5.38 0.06 
19-CH 4.82 4.87 0.05 
20-CH 4.84 4.88 0.04 
20-OCH3 3.11 3.24 0.13 
 
 
Electrogenerated Chemiluminescence (ECL) Sudies of Molecular Probe 4.7 
Poly aromatic hydrocarbons (PAHs) such as rubrene, fluorine, diphenyl 
anthracene (DPA), liminol, and acridinium esters are known to produce electrogenerated 
chemiluminescence because of their high fluorescence quantum yields and stable radical 
cations and anions in aprotic media.
164, 165
 Electrogenerated chemiluminescence of pyrene 
1H NMR titration of 3 with Al(ClO4)3
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and its derivatives have also been reported.
166-168
 
169
 Since compound 4.7 is a 
chemosensor containing pyrene group, it is expected to produce ECL. The fluorescence 
result of compound 4.7 showed that excimer emission is produced on addition of Fe
3+
 
ions suggesting self-assembly process. Therefore, we expect that ECL intensity of 
compound 4.7 should be changed upon addition of Fe
3+
 ions as the ECL is produced by 
the complex rather than free ligand. Since the self-assembled system (i.e., complex) has 
two pyrene units coordinated with Fe
3+
 ions, it may enhance the intensity of 
electrogenerated chemiluminescence. Therefore, ECL study is carried out for compound 
4.7 in order to support the self-assembly process. 
Electrogenerated chemiluminescence (abbreviated as ECL)  is defined as  the 
process where light is produced at the electrode surface by the excited state of the species 
formed during the electron transfer reaction.
170
 ECL does not require the use of external 
light source as chemiluminescence. As analytical techniques, ECL possesses a number of 
advantages over chemiluminescence. For example, electrochemical reaction in ECL 
allows the time and position of the light emitting reaction to be controlled. It is more 
selective than chemiluminescence as the generation of excited state can be selectively 
controlled by varying the electrode potential. ECL is also a non-destructive technique as 
ECL emitters can be regenerated after ECL emission.
165, 171
 ECL can be produced by two 
pathways namely the ion annihilation and coreactant pathways. 
In ion annihilation pathway, oxidized and reduced species are produced on the 
electrode surface by a potential step or sweep. These species then interact to produce a 
ground state and electronically excited state which then relaxes by emission of light 
(pathways 4.1-4.4). 
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                                            (4.1) 
                                            (4.2)  
                                    (4.3) 
                                              (4.4) 
Depending on the energy available in an ion annihilation, the produced R* could be 
either the lowest excited state species (
1
R*) or the triplet species (
3
R*). If the reaction 
produces singlet excited species, it is called an energy-sufficient system, and the reaction 
is said to follow the S-route (pathway 4.5). A typical example is the DPA
+
/DPA
-
 
(DPA=9,10-diphenylanthracene).
172
 
S-route 
            
                        (4.5) 
In a system with insufficient energy, the triplet state energy 3R* will first be produced, 
then 
1
R* will be generated by the subsequent annihilation of 
3
R* (triplet-triplet 
annihilation). This system is said to follow a T-route (Equation 4.6-4.7). TMPD
+
/DPA
- 
and TMPD
+
/AN
- 
(TMDP=N, N, N, N’-tetramethyl-p-phenylenediamine and AN = 
anthracene) are two examples of T-route systems (pathways 4.6 and 4.7).
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T-route 
               
                        (4.6) 
  
     
       
                           (4.7) 
 In the coreactant pathway, ECL is generated by one directional potential scanning 
on the electrode in a solution containing luminophore and in the presence of a 
deliberately added reagent called coreactant. ECL coreactant is a species that upon 
electrochemical oxidation or reduction, immediately forms a strong reducing or oxidizing 
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intermediate which then reacts with an oxidized or reduced ECL luminophore to generate 
excited states capable of emitting light.
174, 175
  Use of coreactant make ECL possible even   
when ion annihilation ECL is not applicable due to oxygen quenching effect, instability 
of radical cation or anion, and potential window of solvent is small. Some common 
coreactants used in ECL are oxalate (C2O4
-
), tri-n-propyl amine (TPrA), hydrazine 
(N2H4), persulfate (S2O8
2-
), and bezoyl peroxide. An ECL system that contains 
Ru(bpy)3
2+
 and tri-n-propylamine (TPrA)  as a coreactant  has shown  the  highest   ECL 
efficiency so far and forms the basis of commercial system  for  flow cell bead based and 
multi spot plate based  immunoassay and DNA analysis.
165, 171
 The ECL mechanism of 
Ru(bpy)3
2+
/TPrA system  is very complicated.
165
 
 ECL behaviour of the compound 4.7 was studied using tri-n-propylamine (TPrA) 
as a co-reactant and tetrabutylammonium perchlorate (TBAP) as a supporting electrolyte. 
The ECL intensity of compound 4.7 was enhanced upon the addition of Fe(ClO4)3. Figure 
4.13 shows the ECL spectrum of the compound 4.7 and its complex (after the addition of 
one equivalent) with 0.02 M TPrA and 0.1 M TBAP at a platinum electrode with the scan 
rate of 100 mV/s. The compound 4.7 (50µM) produced an ECL intensity of around 5 nA 
current at 1.6 V which is enhanced up to 28 nA upon addition of one equivalent of 
Fe(ClO4)3 (500 µM) (Figure 4.13). The increase in ECL intensity could possibly be due 
to a self-assembly process and its exact mechanism for enhancement in ECL is under 
study. Furthermore, ECL is carried out for different mole ratio in order to find the 
binding stoichiometry between ligand 4.7 and Fe(ClO4)3 (Figure 4.14). ECL intensity is 
found maximum at a 2:1 [4.7:Fe(ClO4)]3 ratio  further confirming the compound 4.7 is 
binding Fe(ClO4)3 in 2:1 stoichiometry. The ECL intensity of compound 4.8 was also 
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studied with the addition of one equivalent of other different metal ions such as Zn
2+
, 
Cu
2+
 and Ca
2+
 but do not show any enhancement (Figure 4.15). The proposed mechanism 
for the ECL produced by the compound 4.7 is shown in Figure 4.16. 
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Figure 4.13. ECL response of 50 µM 4.7 (black) and after addition of one equivalent of 
500µM Fe(ClO4)3 (red) with a 0.02M TPrA and 0.1M TBAP in CH3CN at a 2mm Pt 
electrode with a scan rate of 100 mV/S. 
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Figure 4.14. ECL plot vs different mole ratio of ligand 4.7 to Fe(ClO4)3. 
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Figure 4.15. Bar chart of electrogenerated chemiluminescence of 4.7 with one equivalent 
of different metal ions in CH3CN (4.7= 50 μM, TBAP= 0.1 M, TPrA= 20 mM). 
 
 
 
Figure 4.16. Proposed ECL mechanism for the compound 4.7. 
Summary 
 In conclusion, a sugar functionalized pyrene based triazole receptor was 
synthesized in good yield by an  azide-alkyne Huisgen cycloaddition reaction between N-
(prop-2-ynyl) pyrene-1-carboxamide and methyl 2, 3, 4-tri-O-acetyl-6-azido-6-deoxy-α-
D-glucopyranoside. The fluorescence titration studies of compound 4.7 with different 
metal ions showed that an excimer emission was produced only upon the addition of the 
Fe
3+
 ion. Further, an effect of the different anions of iron on fluorescence of compound 
4.7 was studied and found that Fe(ClO4)3 produced the most intense excimer emission. 
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The formation of excimer emission suggested that the compound 4.7 is self-assembled in 
the presence of Fe
3+
 ion in a 2:1 stoichiometric ratio, which is also confirmed by Job’s 
plot.  
 The binding of compound 4.7 is also studied by 
1
H NMR titration with Al(ClO4)3 
and shows that  Al
3+
 ion is possibly coordinated by oxygen atoms of amide and nitrogen 
atoms of triazole groups. The change in the chemical shift is almost constant after a half 
equivalent of Al(ClO4)3 indicating the binding stoichiometry is 2:1(ligand:metal). 
The binding of compound 4.7 with Fe
3+
 ion is further studied by electrogenereated 
chemiluminescence which shows that the ECL intensity is enhanced upon binding with 
the Fe
3+
 ion. Other metal ions did not show any increase in the ECL intensity. The ECL 
intensity is maximum when the mole ratio is 2:1 [4.7: Fe(ClO4)3] supporting the binding 
stoichiometry. 
Experimental 
General techniques for ECL instruments  
Cyclic voltammetry (CV) was performed with a model 660A electrochemical 
workstation (CH Instruments, Austin, TX). A conventional three-electrode cell was used, 
with a Pt wire as the counter electrode and an Ag/Ag
+
 (10 mM AgNO3 in 0.10 M TBAP 
CH3CN) as the reference electrode. A Platinum electrode with 2mm in diameter was used 
for CV and ECL measurement. The electrode was polished with 0.3-0.05 μm alumina 
slurry, thoroughly rinsed with water, and dried with the Kim wipes facial tissue before 
each experiment. The electrolyte solution was purged with high purity nitrogen (Nordan 
Smith, Hattiesburg, MS) for 10 min and kept under nitrogen atmosphere during the 
measurement of CV. The ECL signals along with the CV responses were measured 
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simultaneously with a homemade ECL instrument as described previously.
23-24
 This 
instrument combined the 660A electrochemical workstation with a photomultiplier tube 
(PMT, Hamamatsu R928, Japan) based at a voltage of -700 V via a high voltage power 
supply (Model 472A Brandenburg PMT power supply, England), and the photocurrent 
detected with a high sensitive Keithley 6514 electrometer (Keithley, Cleveland, OH) was 
converted to a voltage before it was sent to the electrochemical workstation computer. 
ECL spectra were obtained by collecting the peak ECL intensity of the forward scan (1.6 
V vs Ag/Ag
+
 in CH3CN) during the cyclic potential cycling at a scan rate of 100 mV/s 
with 24 pieces of interference filters (Intro, Inc. Socorro, NM) over a spectral range of 
360 to 820 nm. These filters had an average half-peak width of 10 nm and a transmittance 
value of 50% at the specified wavelength. 
General procedure for fluorescence experiments 
 A stock solution (10 μM) of compound 4.7 was prepared in CH3CN. The solution 
was excited at λ= 340 nm and scanned from λ=350-660 nm with a slit width set to 
0.5mm. A 10 times more concentrated solution of the metal salt was prepared in CH3CN 
and 20 μL (20μL = 0.1 equivalent of metal salt) aliquots were added to compound 4.7. 
Fluorescence spectra were recorded after each addition. Dilution factors were taken into 
consideration upon binding study determination. The binding constants were determined 
from fluorescence titrations using HypSpec 2006.
116
 
General procedure for 
1
H NMR experiment 
  A 10 mM solution of compound 4.7 was prepared by dissolving 3.2 mg in 0.5 mL 
in CD3CN.  A 10 times more concentrated solution of the Al(ClO4)3 was prepared in 
CD3CN, and 5 L (5 L = 0.1 equivalent of metal salt) aliquots was added to compound 
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4.7.The 
1
H NMR spectrum recorded after each addition.  The binding studies were 
pursued by 
1
H NMR titrations using HypNMR 2008.
141
  
General procedure for UV-Vis experiment 
A stock solution (4.8 × 10
-5 
M) of compound 4.7 was prepared by dissolving 0.6 
mg in 20 mL of CH3CN, and then 2 mL was transferred to the UV-Vis cell. From the 
stock solution, twelve dilute solutions ranging from 1.2 × 10
-5
 to 4.2 × 10
-5
 M were 
prepared, and the UV-Vis spectra were recorded for each sample.The molar absorptivity 
of compound 4.7 at various wavelengths were calculated as: 240 nm (ε=20043 M-1cm-1), 
274 nm (ε=11864 M-1cm-1), 326 nm (ε=7283 M-1cm-1) and 340 nm (ε=10186 M-1cm-1). 
General Procedure for ECL Experiment to Determine Binding Stoichiometry 
Ligand (4.7) =0.00005 M (50 µM) +0.1 M TBAP + 20 mM TPrA (CH3CN) 
Fe(ClO4)3= 0.0005 M (500 µM) in 0.1 M TBAP 
CH3CN=contains 0.1 M TBAP (tetrabutyl ammonium perchlorate) 
Table 4.3  
Volume and concentration used for ECL experiment for calculating binding 
stiochiometry 
 
 
  
 Vial 1 Vial 2 Vial 3 Vial 4 Vial 5 Vial 6 Vial 7 
 
50 µM  Ligand  
Solution with 0.1 M 
TBAP and 20 mM 
TPRA in CH3CN 
 
 
2 mL 
 
2 mL 
 
2 mL 
 
2 mL        
 
 2 mL 
 
 2 mL 
 
 
 2 mL 
CH3CN CN with 
0.1 M TBAP 
  
1 mL 0.9 mL 0.8 mL 0.6 mL 0.4 mL 0.2 mL 0.2 mL 
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Table 4.3 (continued). 
 
General Procedure for the Synthesis 
Methyl 2,3,4-tri-O-acetyl-6-O-p-toulenesulfonyl-α-D-glucopyranoside (4.5)159-161 
The α-Methyl-glucopyranoside (1.5 g, 7.8 mmol) was dissolved in 20 ml of dry 
pyridine and cooled to 0
о 
C. Tosyl chloride (2.0 g, 10.3 mmol) was slowly added and 
stirred at 0
о 
C for eight-ten hours. Acetic anhydride (20 mL, 180 mmol) was added and 
stirred at room temperature for 12-14 hours. The solution was poured onto crushed ice, 
and the mixture was extracted with CHCl3 (3× 30 mL).The combined extracts were 
washed with saturated aqueous NaHCO3 solution, saturated aqueous NaCl solution, and 
distilled water, consecutively, and dried over MgSO4, filtered, and concentrated under 
reduced pressure. The crude product was purified by chromatography (EtOAc /Hexane 
=2/8) to give the compound 4.5 (2.775 g, 5.85 mmol, 75%). 
1
H NMR (300 K, CDCl3, 400MHz):
 δ7.69 (d, 2H, J=8.1Hz, CHAr), 7.29 (d, 2H, J=8.1Hz, 
CHAr), 5.32 (t, 1H, J=9.8 Hz, CHGlu), 4.77(d, 1H, J=3.5 Hz,  CHGlu), 4.71(dd,1H, J=3.5 
Hz,10.2 Hz, CHGlu ), 3.98-4.09 (m, 2H, CHGlu), 3.89-4.92 (m, 1H, CHGlu),3.26 (s, 3H, 
CH3),  2.37 (s, 3H, CH3), 1.95 (s, 3H, CH3), 1.89 (s, 3H, CH3), 1.87 (s, 3H, CH3);  
13
C NMR (300 K, CDCl3, 400MHz):
 δ169.72, 169.16, 144.98, 132.50, 129.76, 127.85, 
96.44, 70.30, 69.74, 68.36, 67.67, 66.88, 66.80, 55.26, 21.33, 20.32, 20.19  
 Vial 1 Vial 2 Vial 3 Vial 4 Vial 5 Vial 6 Vial 7 
        
500 µM Fe(ClO4)3 
with 0.1 M TBAP 
0 mL 0.1 mL  0.2 mL 0.4 mL 0.6 mL 0.8 mL 1 mL 
        
Total Volume 
  
3 mL 3 mL 3 mL 3 mL 3 mL 3 mL 3 mL 
Ligand:Metal 1:0 1:0.5 1:1 1:2 1:3 1:4 1:5 
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IR (ATR solid); 2943 C-H (w), 1748 C=O (vs) cm
-1
. 
Methyl 2, 3, 4-tri-O-acetyl-6-azido-6-deoxy-α-D-glucopyranoside (4.6)159 
A solution of compound 4.6 (7.00 g, 20.09 mmol) and NaN3 (10.0 g, 0.154 mol) 
in dry DMSO (100 mL) was stirred at 50
o
C for four hours followed by stirring at room 
temperature for 16 hours. The resulting slurry was poured onto crushed ice, and the 
mixture was extracted with dichloromethane (4 × 50 mL). The combined extracts were 
washed two times with water, dried over MgSO4, and filtered. Concentration of the 
filtrate in vacuum and column chromatography of  the residue  (10-13% ethyl acetate/ n-
hexane) give white solid 4.7 ( 5.618 g, 16.27mmol, 81%). 
1
H NMR (300 K, CDCl3, 
400MHz):
 δ5.46 (t, 1H, J=9.7 Hz, CHGlu), 4.97(m, 2H, CHGlu), 4.88(dd,1H, J=3.6 Hz,11 
Hz, CHGlu ), 3.45 (s, 3H, CH3), 3.31 (m, 2H, CHGlu), ), 2.06 (s, 3H, CH3), 2.03 (s, 3H, 
CH3), ), 2.01 (s, 3H, CH3);  
 
13
C NMR (300 K, CDCl3, 400MHz):
 δ169.08, 169.02, 168.64, 95.65, 69.78, 68.87, 
68.78, 67.57, 54.57, 50.07, 19.67, 19.63, 19.60  
IR (ATR solid); 2960 C-H (w), 2930 C-H (w),2837 C-H (w), 2092 N≡N (vs), 1738 
C=O(vs) cm
-1
. 
Preparation of Compound (4.7)
114
  
Compound 2.4
113
 (173 mg, 0.5 mmol), compound 4.6 (142 mg, 0.5 mmol), 
copper(II)sulfate (7 mg, 0.025 mmol), and sodium ascorbate (10 mg, 0.05 mmol) were 
dissolved in  a mixture of acetone and water solution (1:1, 20 mL) and refluxed for  
overnight. The reaction mixture was then poured into ice cold water, and the mixture was 
extracted with ethyl acetate (3х30 mL).The combined ethyl acetate is dried over 
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magnesium sulphate, filtered, and evaporated to get the solid which is washed in 
methanol to get the pure compound 4.7. (220 mg, 0.35mmol, 70%).  
1
H NMR (300 K, CD3CN, 400MHz):
 δ 8.51 (d, 1H, J=9.3 Hz, CHpy), 8.27 (d, 2H, J=7.6 
Hz,  CHpy), 8.12-8.22 (m, 3H, CHpy), 8.06-8.10 (m, 3H, CHpy), 7.89 (s,1H, CHtriazole), 
7.54 (s,1H, NH), 5.31-5.35 (m, 1H, CHGlu), 4.87 (t, 1H, J=9.78 Hz, CHGlu), 4.83-4.84 (m, 
2H, CHGlu), 4.73 (d, 2H, J=5.87 Hz, CH2), 4.57-4.60 (dd,1H, J=2.85 Hz,14.68 Hz, CHGlu 
), 4.45-4.50 (dd,1H, J=7.83 Hz,14.48 Hz, CHGlu ), 4.16-4.21 (m, 1H, CHGlu), 3.09 (s, 3H, 
CH3), 2.02 (s, 3H, CH3), 1.94 (s, 3H, CH3),1.92 (s, 3H, CH3).  
13
C NMR (300 K, CD3CN, 400MHz):
 δ169.99, 169.86, 169.69, 169.36, 145.39, 132.34, 
131.41, 131.17, 130.70, 128.48, 128.36, 128.34, 127.17, 126.58, 125.85, 125.70, 124.98, 
124.57, 124.42, 124.35, 124.01, 123.69, 96.64, 70.29, 69.61, 69.56, 67.86, 54.82, 50.25, 
35.31, 20.01, 19.87, 19.79.  
IR (ATR solid); 3285 N-H (m), 2934 C-H (w), 1744 C=O (vs),1633 C=O (s) amide I, 
1601 C=O (w) amide II  cm
-1
. 
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CHAPTER V 
RHODAMINE BASED MOLECULAR PROBES FOR Fe
3+
 AND Al
3+
 IONS 
Introduction 
In Part A (Chapters II, III, and IV), the pyrene motif was incorporated into the 
chemosensors for detection of Zn
2+
 and Fe
3+
 ions in CH3CN.It was also shown that an ion 
induced self-assembly can occur in the presence of Zn
2+
 and chlorine atoms, the first self-
assembled approached to simultaneous use of metal and anions. As mentioned, the 
pyrene based sensors have poor solubility in polar solvent such as CH3OH, CH3CH2OH 
and H2O due to its hydrophobicity. In Chapter IV, a sugar group is introduced as a 
scaffold to overcome this solubility issues. Even though it improves the solubility 
(EtOH:H2O), it is found that a sensor still does not work in the polar solvents (CH3OH, 
H2O). All of the sensors performed best in organic medium only in particular CH3CN. It 
is important to have the sensors work in the aqueous system for their biological and 
environmental applications. Another disadvantage of the pyrene based sensor is that its 
absorption and emission bands are in the UV-region with the excitation wavelength 
around 350 nm. This is not conducive for biological applications: the molecular probes 
should have high excitation wavelength in the region of visible to near infrared ( 500 
nm) because of minimum photo-damage to biological samples, deep tissue penetration, 
and minimum interference from the background auto fluorescence of biomolecules in the 
living system.
176
 Furthermore, pyrene based sensors are colorless and cannot be used as 
“naked eye” sensors (colorimetric sensors) for metal ions. 
Among the various fluorophores, the rhodamine dyes have excellent 
photophysical properties as explained in Chapter I. Therefore, rhodamine was used as a 
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sensing motif for the second part of this dissertation. Rhodamine is less expensive and 
more soluble in the polar solvents than pyrene. Rhodamine based sensors are colorless 
and have low fluorescence. But they give red color and high fluorescence upon 
coordination of metal ions (Chapter I). Rhodamine based sensors act as an “On-Off” 
mechanism and can be used as naked eye detection (colorimetric sensors) for metal ions. 
This property is, in particular, important for metal ions that are known to quench the 
fluorescence intensity such as Fe
3+
, Hg
2+
, and Cu
2+
 ions due to heavy metal effect and 
electron or energy transfer mechanism (See Chapter I).
138, 177
 In fact, the chemosensors 
showing fluorescence “turn on” is more preferred than those showing “turn off” response 
on binding with the analytes. 
Based on this spirolactam (colorless, non-fluorescent) to ring-open amide (pink, 
fluorescent) equilibrium of rhodamine, a number of rhodamine derivatives have been 
synthesized and utilized for the detection of biological relevant ions and bio-molecules.
67, 
69, 178
 However, there are still very few triazole based rhodamine system in the literature 
for the detection of metal ions.
179-181
   
The importance of Zn
2+
 and Fe
3+
 ions is discussed in the introduction (Chapter I) 
and therefore will not be discussed further. However, Al
3+
 ion needs to be addressed at 
this point as this metal ion competes with the Fe
3+
 ion in the current system. The Al
3+
 ion 
plays a crucial role in various environment and biological processes.
182, 183
 Aluminium is 
the third most abundant metal (approximately 8% by weight) in the earth’s crust after 
oxygen and silicon.
182
 It is extensively used in modern life in the form of food additives, 
water treatment, and medicines (antiperspirants, deodorants, and antacids) which is often 
the source for human exposure to Al
3+
 ions.
182
 However, excessive exposure to Al
3+
 ions 
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can damage certain human tissues and cells resulting in serious health problems including 
diseases such as Alzheimer’s diseases,184 Parkinson’s diseases,185 and osteoporosis.184, 186, 
187
 Furthermore, acid rain increases the concentration of free Al
3+
 ions in the environment 
and surface water due to the high solubility of aluminium minerals at lower pH which is 
deadly to plant growth.
180
 Therefore, the detection of Al
3+
 ion is also important in terms 
of both environmental and biological aspects. 
Goswami and co-workers synthesized a CHEF (Chapter I) induced selective and 
sensitive “turn-on” sensor (5.1) for Fe3+ ion in an aqueous solution.188 The compound 
itself does not show any color in a CH3CN-H2O (1:1, v/v, pH 7.2) indicating that the 
structure predominantly exists in spirolactam framework. The absorbance at 530 nm is 
enhanced upon addition of Fe
3+
 ion. The absorbance is increased by almost 116 times 
upon the addition of two equivalents of Fe
3+
 ions. The detection limit and association 
constant (K11) was calculated to be 5.6×10
-7
 M (31 ppb) and 1.0×10
4
 M
-1
,
 
respectively, 
for Fe
3+
 ion by UV-Vis method. The fluorescence of compound 5.1 exhibits a weak 
emission at 550 nm but showed a remarkable enhancement upon addition of Fe
3+
 ion. 
The fluorescence is increased by greater than 20 folds upon the addition of 0-1.0 
equivalents of Fe
3+
 ion .The detection limit and association constant were calculated to be 
3.4×10
-8
 M (2 ppb)  and 5.9×10
5
 M
-1
,
 
respectively, for Fe
3+
 ion by fluorescence 
experiment. The effect of other metal ions such as Cd
2+
, Co
2+
, Cu
2+
, Na
+
, K
+
, Fe
2+
, Mg
2+
, 
Ni
2+
, Mn
2+
, Zn
2+
, Hg
2+
, Pb
2+
, In
3+
, Cr
3+
, and Al
3+
 are also studied but did not show any 
significant enhancement in fluorescence and absorption. The coordination of compound 
5.1 with Fe
3+
 ion centre was also studied by DFT calculations supporting the octahedral 
environment often found in Fe
3+
 ion coordination complexes (Scheme 5.1). 
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Scheme 5.1. Proposed binding mode of 5.1 with Fe
3+
 ion.
188
 
The first part of the dissertation (Chapter II, III, and IV) has shown that the 
triazole group has been used to coordinate metal ions.  However, the incorporation of this 
motif in rhodamine system is rare. One example is the compound 5.2 synthesized by 
Mandal et al. for the detection of Fe
3+
 ion.
179
 Compound 5.3 is also prepared without 
triazole group as a “model” system (Figure 5.1). The model compound 5.3 formed a 
colored complex with both Fe
3+
 and Cu
2+
 ions in an aqueous buffer (CH3CN: Tris HCl, 
10 mM, 1:1, v/v, pH 7.4), while compound 5.2 showed a red color with only Fe
3+
 ion. 
Other metal ions such as Li
+
, Na
+
, K
+
, Fe
2+
, Mg
2+
, Ca
2+
, Sr
2+
, Mn
2+
, Co
2+
, Hg
2+
, Pb
2+
 
Co
2+
, Ni
2+
, and Cr
3+
 did not influence the absorption and emission. This shows that the 
incorporation of extra binding motif in the form of triaozle group on 5.2 imparts the 
selectivity for Fe
3+
 ion over Cu
2+
 ion. The limit of detection for compound 5.2 was 
reported to be 5×10
-8
 M (3 ppb) and the association constant (K11), as calculated by 
Benesi-Hildebrand method is 4.5×10
4 
M
-1
. The compound 5.2 was also used for imaging 
of live mouse fibroblast cells treated with Fe
3+
 ions. Fibroblast is the most common cells 
of connective tissues in animals. It synthesizes the extracellular matrix, collagen 
(structural protein), and structural framework for animal tissues.
189
 Fibroblast cells 
treated with both 5.2 and Fe
3+
 ions displayed intense red fluorescence but without Fe
3+
 
ions; compound 5.2 did not show any fluorescence. The compound is also found to be 
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non-cytotoxic up to 6 μM as assessed by MTT assay. However, it should be noted that 
any studies towards Al
3+
 ions is missing, which is often the case in these systems, more 
often than not Al
3+
 ions responds in a similar way. Furthermore, molecular modeling is 
absent: therefore, exact coordination is questionable (Scheme 5.2). 
 
Figure 5.1. Structures for compounds 5.2 and 5.3 synthesized using rhodamine 6G. 
 
 
Scheme 5.2. Proposed binding mode of Fe
3+
 ion by compound 5.2.
179
 
Another similar probe (5.4) was synthesized by Tae et al. fo the detection of Pt
2+
 
ion by a click reaction of alkyne derivative of rhodamine 6G (prepared from rhodamine 
hydroxamic acid) with benzyl azide.
190
 Compound 5.4 has a dual binding unit composed 
of a hydroxamate and a triazole group for coordination of metal ion. Compound 5.4 is 
colorless and has no fluorescence in H2O (1% DMSO, v/v). Upon addition of five 
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equivalents of Pt
2+
 ion, 5.4 gives a strong fluorescence with pink-red color. Compound 
5.4 can monitor Pt
2+
 ion in the pH range of 5-9. Other metal ion such as Li
+
, Na
+
, K
+
, 
Ag
+
, Fe
2+
, Mg
2+
, Ca
2+
, Ba
2+
, Pd
2+
, Cd
2+
, Sr
2+
, Mn
2+
, Co
2+
, Hg
2+
, Cu
2+
, Zn
2+
, Pb
2+
, Co
2+
, 
Fe
3+
, Al
3+
, and Cr
3+
 have no effect on both fluorescence and absorption. The competitive 
metal ion Pd
2+
 ion show very little fluorescence intensity changes but still induces color 
change indicating Pd
2+
 ion quenches the expressed fluorescence intensity. The binding 
constant (K11), calculated based on fluorescence titration, is 1.6 × 10
5
 M
-1
. The 
fluorescence titration of Pt
2+
 ion with 0.5 µM of 5.4 demonstrates the detection limit is 
125 nM (24 ppb). Compound 5.4 was also tested for detecting cis-platin to demonstrate 
its potential application. It was found that a μM concentration of cis-platin in aqueous 
solution could be monitored (Scheme 5.3).The paper lacked detail in regard to the 
coordination environment of the metal ion.They did not report any 
195
Pt NMR nor report 
any modelling studies to support their predicted binding environment. 
 
Scheme 5.3. Proposed structure for binding Pt
2+
 ion by rhodamine 6G based compound 
5.4.
190
 
The synthesis of sugar-based chemosensors is increasing in recent years.
154, 191, 192
 
The introduction of a sugar groups in chemosensors improve both water solubility and 
bio-compatibility as explained in Chapter IV. These features make the sugar-based 
probes interesting candidates for the practical detection of metal ions in both biology and 
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environmental applications. There are only a few examples of rhodamine sugar system: 
some recent examples will be highlighted.
191, 193, 194
  
Tae et al. report a turn-on “chemosensing ensemble” for the detection of thio-
containing amino acids (cysteine and homocysteine) based on a rhodamine– furanose 
sugar based probe.
195
 The chemosensing ensemble is a method where an indicator 
molecule is combined with other components such as a receptor or metal ion through 
non-covalent interactions.
196, 197
 Compound 5.5 shows neither color nor fluorescence in 
water (1% CH3OH) but showed enhancement in fluorescence upon addition of Au
+
 ion. 
The [Au (5.5)]
+
 complex is then used as a chemosensing ensemble for detection of 
cysteine and homocysteine. The fluorescence intensity induced by [Au (5.5)]
+
 is further 
increased by the addition of cysteine. Among the various metal ions tested, only [Au 
(5.5)]
+
-cysteine showed a strong fluorescence enhancement (λex=500 nm, λem=560 
nm).This implies that [Au (5.5)]
+
 complex acts as chemosensing ensemble for selective 
sensing of cysteine. Among the various amino acids, only cysteine and homocysteine 
showed an enhancement of fluorescence of [Au (5.5)]
+
 complex. The recognition of 
cysteine and homocysteine is attributed to the binding of the thiol of cysteine to the Au
+ 
-
bound probe. The binding constant in H2O (1% CH3OH) from the UV-Vis titration is 
K11= 6.7 × 10
3
 with a limit of detection ~100 nM cysteine in aqueous solution (Scheme 
5.4).  
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Scheme 5.4. A proposed structure of the ternary complex between [Au (5.5)]
+
 and 
cysteine.
195
 
Another rhodamine sugar system was developed by Duan and co-workers who 
synthesized a water-compatible fluorescent molecular probe (5.6)  for selective detection 
of Hg
2+
 ion in natural water and cell imaging.
198
 Detection of Hg
2+
 ion is important as it 
is considered one of the most toxic and widespread pollutant. Specifically, 
methylmercury, yielded from the microbial biomethylation of Hg
2+
 ion is known to cause 
brain damage and other chronic diseases.
199
 Compound 5.6 exhibits a weak fluorescence 
band at about 550 nm in aqueous solution (λex =500 nm).The fluorescence was increased 
significantly upon the addition of Hg
2+
 ion. A Benesi-Hildbrand analysis establishes a 1:1 
stoichiometry for the [Hg(5.6)]
2+ 
with an association constant calculated as 5.4 × 10
5
 M
-
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1
.The limit of detection of compound 5.6 for Hg
2+
 ion was calculated to be one ppb. The 
UV-Vis titration showed that 5.6 exhibits a weak absorbance at 525 nm but increased 
with a red shift to 535 nm upon titration of Hg
2+ 
 ion with color change from colorless to 
pink. In both UV-Vis and fluorescence, no significant spectral changes of 5.6 were 
observed in the presence of metal ions such as Na
+
, K
+
, Ag
+
, Mg
2+
, Ca
2+
, Mn
2+
, Fe
2+
, 
Co
2+
, Ni
2+
, Cu
2+
, Zn
2+
, Cd
2+
, and Pb
2+
. The coordination of compound 5.6 with Hg
2+
 ion 
was also studied by 
1
H NMR in DMSO-d6. The signal of amine (NH) group at δ 5.73 
ppm is not seen in the [Hg(5.6)]
2+ 
 coordination complex suggesting the formation of 
delocalized xanthene ring upon coordination of Hg
2+
 ion . Furthermore, the OH group 
adjacent to the imine functionality is shifted in the downfield direction by approximate δ 
0.13 ppm suggesting this the oxygen atom of OH group is coordinated to the Hg
2+
 ion. 
This makes hydrogen atom becomes more acidic as the coordination to the Hg
2+
 ion pulls 
the electron density away from the oxygen atom. The molecular probe 5.6 was also used 
to image Hg
2+
 ions in HeLa cells. The HeLa cells treated with compound 5.6 did not 
show any fluorescence in confocal microscopy. However, the cells supplemented with 
Hg(NO3)2  showed a significant increase in fluorescence (Scheme 5.5). However, they do 
not carry out any other experiments to confirm the binding mode of Hg
2+
 ion. 
 
 Scheme 5.5. Proposed structure for binding Hg
2+
 ion by compound 5.6.
198
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In summary, rhodamine based sensors have been used as “Off –On” sensors for 
detection of metal ions and anions as discussed above. In particular, this signaling 
mechanism is useful for the metal ions such as Cu
2+
, Fe
3+
, and Hg
2+
 ions which are 
known to quench the fluorescence. Rhodamine based sensors have absorption and 
emission in the visible region which make them useful for “naked eye” probes and some 
have been used for in vivo studies.  
Here, this dissertation will report the synthesis of rhodamine based sensors which 
contain triazole functional groups as coordination sites to the metal ion centre. These 
were attached to a benzene, pyridine, and sugar scaffolds, respectively. The rhodamine 
sensor which contains only the benzene ring is prepared as a model to investigate the 
potential binding motifs with pyridine and sugar groups as they also have nitrogen and 
oxygen. 
 It is expected that both UV-Vis and fluorescence of the compounds are low but 
should be increased with color change upon binding with target metal ions as the metal 
ions triggered the opening of spirolactam ring. It is proposed that metal ions will be 
coordinated by the oxygen and nitrogen atoms of lactam and triazole groups, 
respectively, which act like the catechol motifs. 
Synthesis of Molecular Probes 5.11, 5.12, and 5.13. 
As discussed in the Introduction, three compounds are synthesized using 
rhodamine as sensing motifs and triazole as coordination sites for metal ions with 
benzene, pyridine, and sugar groups as scaffolds. 
The commercially available rhodamine B is first converted into 3’,6’-
bis(diethylamino)-2-(prop-2-ynyl)spiro [isoindoline-1,9’-xanthen]-3-one (5.7) by 
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coupling propargylamine using standard peptide based reagents for example HoBt (1-
hydroxy benzotriazole) and EDC [1-ethyl-3-(3-diethylaminopropyl) carbodiimide] in 
CH2Cl2. A pink white solid was obtained during the reaction which was filtered and 
purified by silica gel column chromatography using 2:8 (ethyl acetate: hexane) to form 
5.7 as pure white solid in 80% yield. The colorless solid indicates that 5.7 is in 
spirolactam conformation. Compound 5.7 was confirmed by a hydrogen atom attached to 
the alkyne seen at δ 1.75 ppm (CDCl3). The compound is further confirmed by the 
stretching bands at 3299 cm
-1 assigned to the C≡CH, 2070 cm-1 for C≡C and 1693 cm-1 
for a carbonyl group of lactam ring in the IR spectrum. The compound 5.7 was fully 
characterized and agreed with the literature value.
200
 Picolyl azide (5.9) was prepared 
from picolyl hydrochloride by reacting with sodium azide in the presence of 18-Crown-6 
and TBAI as catalysts and DIPEA (N, N-diisopropylethylamine) as a base in DMF in 
80% yield. The azide (5.9) was confirmed by its characteristic strong stretching signal at 
2089 cm
-1
 for an azide group in IR spectrum, and its spectroscopic data (
1
H NMR and IR) 
also agreed with the published procedure.
201
 Finally, 5.7 was then reacted with benzyl 
azide (5.8) or picolyl azide (5.9) or methyl 2, 3, 4-tri-O-acetyl-6-azido-6-deoxy-α-D-
glucopyranoside (5.10) via the click reaction.
190, 200
 Pure products were obtained in all 
three cases by column chromatography of the ethyl acetate extracts of the reaction 
mixture. The product was confirmed by the signal of a triazole proton at δ 7.08-7.15 ppm 
(CDCl3). The compounds were fully characterized by 
1
H NMR, 
13 
C NMR, IR, ESI mass 
spectrum, elemental analysis, and by X-ray crystallography (Scheme 5.6). 
 
  
    
 
1
6
4 
 
Scheme 5.6. Synthesis of molecular probes 5.11, 5.12, and 5.13. 
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X-ray Crystallographic Study of Molecular Probes 5.11 and 5.12 
The X-ray quality crystals for both compounds were grown by slow evaporation 
of their saturated solution in ethyl acetate. In both compounds, a xanthene ring is 
orthogonal to the spiro-lactam moiety. There is π-π interaction between the triazole and 
xanthene ring of the same molecule. A weak hydrogen bond is seen between the 
hydrogen of a benzene ring attached to spiro-lactame moiety with the pyridine ring of 
another molecule (Figure 5.2). 
(A)                                                                   (B) 
                                                         
(C) 
 
Figure 5.2. X-ray crystal structures of (A) compounds 5.12 (B) its crystal packing and 
(C) crystal structure of compound 5.11. 
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Job’s Plot Studies of Molecular Probes 5.12 and 5.13 
The stoichiometry of a binding of compound 5.12 and 5.13 with Fe(ClO4)3  or 
Al(ClO4) is confirmed by a Job’s plot analysis. Each of host (5.12 or 5.13) and guest 
(Fe(ClO4)3  or Al(ClO4)3) solution is prepared of 1×10
-4 
M in EtOH:H2O (1:1). Both 
solutions are then mixed in different ratios to get the solutions having mole fractions from 
zero to one, each of which have same volume and same total molar concentration i.e., 
1×10
-4  
M. The fluorescence is measured for each mole fraction, and the fluorescence 
intensity at 577 nm was plotted against the mole fraction of Fe(ClO4)3 or Al(ClO4)3. The 
apex of the curve lies at 0.5 mole fraction in both cases which corresponds to a 1:1 
(Ligand: metal) stoichiometry. Figure 5.3 and 5.4 show the Job’s plot of compound 5.12 
with Fe(ClO4)3  and  Al(ClO4), respectively. 
 One important point during Job’s plot studies is that lower mole fractions (from 0 
to 0.3) normally give less fluorescence or absorbance than expected as seen in Figure 5.4. 
It could be due to the fact that the low amount of metal ions present in these mole 
fractions cannot drive the equilibrium towards the complex side or the system is 
kinetically slow. 
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Figure 5.3. Job’s plot of compound 5.12 with Fe(ClO4)3 obtained by fluorescence 
measurements in 1:1 (EtOH :H2O). The total concentration of compound 5.12 and 
Fe(ClO4)3 is 100 μM  where Χ ≈ 0.55 (1:1 ligand:metal ratio). The red lines are for visual 
interpretation only. 
 
Figure 5.4. Job’s plot of compound 5.12 with Al(ClO4)3 obtained by fluorescence 
measurements in 1:1 (EtOH :H2O). The total concentration of compound 5.12 and 
Al(ClO4)3 is 100 μM  where Χ ≈ 0.55 (1:1 ligand:metal ratio). The red lines are for visual 
interpretation only. 
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pH Studies on the Molecular Probes  5.12 and 5.13 
The effect of pH on a rhodamine system is important: this was briefly mentioned 
in chapter I (Figures 1.9 and 1.10). Most of the sensors based on rhodamine B have a 
spirolactam ring conformation which can be opened with the addition of acid producing a 
red color and are highly fluorescent. Therefore, it is important to know the pH window 
whereby these molecular probes will function towards metal binding and not produce a 
false positive due to any acid in the system which is also known to ring open. It is 
important to have the sensor work in the physiologic pH range for its environmental and 
biological application. 
Therefore, the effect of pH on the fluorescence response of the sensor 5.12 or 5.13 
to Fe
3+
 and Al
3+
 ions was initially evaluated in 1:1 (EtOH:H2O). There is almost no 
change in a fluorescence emission of free sensors between pH 4 and 10 in the absence of 
metal ions. This suggests that a spirolactam ring is intact and does not open in the pH 
range of 4-10. However, a significant fluorescence enhancement was observed upon the 
addition of Fe
3+
 and Al
3+ 
ions in the range of pH 4–10, which is attributed to an opening 
of the spirolactam ring. This data demonstrates that compounds 5.12 or 5.13 can act as a 
fluorescent probe for Fe
3+
 and Al
3+
 ions under physiological pH conditions. Figure 5.5 
shows the effect of pH on the compound 5.12 after an addition of Fe(ClO4)3 and 
Al(ClO4)3. 
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Figure 5.5. pH profile of compound 5.12 (20 μM) with pH from 1-14 (bottom black 
circle) and upon the addition of five equivalents of Fe
3+
 ions ( upper red diamond) and 
Al
3+
 ions (middle purple triangle) in EtOH :H2O. 
Optical Studies of the Molecular Probes 5.11, 5.12, and 5.13  
UV-Vis spectroscopy  
The binding behavior of compounds 5.11, 5.12, and 5.13 towards various metal 
ions was first studied by UV-Vis spectroscopy. Rhodamine based sensors are colorless 
compounds but gives a red/pink color upon the addition of suitable metal ions (Chapter 
I). Therefore it is expected that the compounds 5.11, 5.12, and 5.13 should have a low 
absorption band, but the intensity is increased upon binding with target metal ions. 
Hence, an UV-Vis study is carried out to see whether a target metal ion can be detected 
via a colorimetric method. 
Unfortunaltely, compounds 5.11, 5.12, and 5.13 are not 100% soluble in aqueous 
system. Therefore, mixture of organic solvent and water is used as solvent system for the 
UV-Vis studies. The 1:1 ratio of EtOH and H2O is selected as the solvent system as the 
increase in the amount of water more than 1:1 ratio may precipitate the compounds. The 
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pH of 1:1 (EtOH:H2O)  is 7.1 which is in the range of pH  4-10 that the compounds can 
work  based on the studies of a pH effect. 
The absorption spectra of all compounds 5.11, 5.12, and 5.13  (100 µM) showed 
no characteristic absorption bands of rhodamine moiety at 550 nm in an aqueous ethanol 
solution of 1:1 (EtOH:H2O) at pH 7.1 suggesting that all three compounds 5.11, 5.12, and 
5.13 are in ring closed forms. Upon addition of one equivalent of Fe
3+
 or Al
3+
 ions (500 
μL of 200 μM) to 100 µM concentration of 5.11 or 5.12 or 5.13,  a new absorption band 
appears at 550 nm (colorless to pink). This can be explained by the formation of the ring 
opened amide tautomer as a result of Fe
3+
 or Al
3+
 ion bindings. The intensity of an 
absorption band due to Fe
3+
 ion is ~1.5 times higher than Al
3+
 ion. However, the addition 
of other metal ions such as Na
+
, K
+
, Ca
2+
, Mg
2+
, Cr
3+
, Fe
3+
, Fe
2+
, Zn
2+
, Cd
2+
, Co
2+
, and 
Hg
2+ 
did not alter the absorption spectrum of compounds suggesting that compounds 5.11 
or 5.12 or 5.13  could serve as a “naked-eye” chemosensors that can response selective to 
Fe
3+
 or Al
3+
  ions in an aqueous ethanol solution. For example, Figure 5.6 shows the 
selectivity of compound 5.12 with various metals. The comparison for selectivity of 
compounds 5.11, 5.12, and 5.13 to Fe
3+
 and Al
3+
 ions is shown in Figure 5.7. The model 
compound (5.11) showed less intense absorption bands in comparison to compound 5.12 
and 5.13 for both Al
3+ 
and Fe
3+
 ions. Compound 5.13 showed the most intense band for 
Fe
3+
 ion while compound 5.12 showed for Al
3+
 ions. This is reasonable considering the 
presence of sugar groups (acetyl and oxygen atom of ring) and nitrogen atoms (pyridine 
ring) in compounds 5.12 and 5.13. This is further supported by the fact that the intensity 
of the absorption band due to the addition of Al
3+
 ion is almost half the intensity of the 
Fe
3+
 ion study for compound 5.13. 
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Therefore, it could be possible that the nitrogen atom in the pyridine ring or the 
oxygen atom in the sugar (acetyl, ring oxygen atoms) might be involved in the 
coordination of metal ions or at least impart the selectivity for the metal ions. 
 
Figure 5.6. UV-Vis selectivity chart of compound 5.12 (100 µM) in 1:1(EtOH:H2O), 
pH=7.1, upon the addition of one equivalent of metal ions as their ClO4
-
 salts (*Cl
-
 salt).  
 
Figure 5.7. Comparison of UV-Vis selectivity chart of compound 5.11 (benzene), 5.12 ( 
pyridine) and 5.13 (sugar) (10 µM) in 1:1 (EtOH:H2O), pH=7.1, upon the addition of one 
equivalent of Fe
3+
 and Al
3+
 ions as their ClO4
-
 salts. 
UV-Vis titration of compounds 5.11 or 5.12 or 5.13 (50 µM) was carried out with 
Fe(ClO4)3 and Al(ClO4)3 to investigate the further interaction. Figures 5.8 and 5.9 shows 
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the UV-Vis titration of compounds 5.12 with Fe(ClO4)3 and Al(ClO4)3, respectively. The 
UV-Vis absorption is increased with a maximum at 560 nm on addition of Fe(ClO4)3 or 
Al(ClO4)3 . The absorbance bands plateaued after five and 15 equivalents for Fe
3+
 and 
Al
3+
 ions, respectively. The quick plateaued of the absorbance band by Fe
3+
 ions could 
possibly be due to the quenching properties of Fe
3+
 ions. Data obtained during UV-Vis 
titration is analysed using the Benesi-Hildebrand double reciprocal plot and HypSpec 
program.
116
 The binding constants calculated by these two methods are shown in Table 
5.1 and are in good agreement. Both methods showed that compounds 5.12 and 5.13 are 
binding with Fe
3+
 or Al
3+
 ion in 1:1 stoichiometry (Figures 5.3 and 5.4). 
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(A)                                                                                                          (B) 
            
                        (C)                                                                                                        (D) 
                                                 
Figure 5.8. (A) UV-Vis spectrum of compound 5.12 (50 µM) upon addition of Fe(ClO4)3,  (B) its binding isotherm in 1:1 (EtOH:H2O) 
pH=7.1, (C) Binding isotherm for HypSpec program,
116
 and (D) Benesi-Hildbrand plot. 
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(A)                                                                                                (B)                                                                  
         
(C)                                                                                                    (D) 
                                           
Figure 5.9. (A) UV-Vis spectrum of compound 5.12 (50 µM) upon addition of Al(ClO4)3, (B) its binding isotherm in 1:1 (EtOH:H2O) 
pH=7.1, (C) binding isotherm for HypSpec program,
116
 and (D) Benesi-Hildbrand plot.
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The BH method is good for reaction equilibrium which forms 1:1 complexes. 
202
 
This method assumes that one of the reactants (either host or guest) should be present in 
an excess amount over other reactant so that the characteristic electronic absorption 
spectra of the other reactant will be transparent in the collective absorption of the system. 
In fact, this is the major drawback of this method. Whenever it breaks down, it deviates 
from its linear nature and exhibits scatter plot characteristics or curvature if other ratio 
exists in a solution. Other issues include: different values of extinction coefficient () 
with different concentrations scales, dependency of binding constant (K) and extinction 
coefficient (), and zero and negative intercepts.203-205 
HypSpec is an another program to calculate the binding constant.
116
 It gives more 
accurate binding constant than the Benesi-Hildbrand method. More than one 
stoichiometry can be modeled simultaneously at the same time and hence gives 
information about the different species formed in the solution. It also gives the percentage 
of each species formed in the solution at each point of titration.
206
 
It is important to mention that binding constants calculated by HypSpec program 
are normally a magnitude greater than the binding constant calculated by the Benesi-
Hildbrand methods. Particularly, it is found in the fluorescence titrations as it is carried 
out in lower concentration than the UV-Vis absorption. One important criteria for the 
Benesi-Hildbrand method as mentioned above is that one of the reactants (either host or 
guest) must be in excess to another reactant. However, it is not always followed during 
titrations. Normally fewer data of titration is involved in the calculation of binding 
constant in the Benesi-Hildbrand method in comparison to the HypSpec program. 
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Table 5.1  
Binding constants (K11) calculated for UV-Vis titration of 5.12 and 5.13 with Fe(ClO4)3 
and Al(ClO4)3 using Benesi-Hildbrand and HypSpec program.
116
 
 
Compounds Salts Bemesi-Hildbrand (K11, M
-1
) HypSpec (K11, M
-1
) 
 
5.12 
 
Fe(ClO4)3 
 
1.3×10
4 
 
 
3.5×10
4 
 
Al(ClO4)3 8.3×10
3 
 2.4×10
4  
 
5.13 Fe(ClO4)3 9.2×10
3 
 5.0×10
4 
 
Al(ClO4)3 7.0×10
3 
 6.6×10
4  
 
 
Fluorescence spectroscopy 
Rhodamine based sensors have low fluorescence in the spirolactam form but give 
an intense fluorescence band upon the addition of metal ions (Chapter I). Therefore, 
compounds 5.11, 5.12, and 5.13 are expected to have low i.e., off fluorescence signal but 
should increase upon binding with target metal ions. The UV-Vis studies showed that 
compounds 5.11, 5.12, and 5.13 responded to both Fe
3+
 and Al
3+
 ions. However, 
fluorescence is different, and under this circumstances compounds 5.11, 5.12, and 5.13 
may show selectivity as the fluorescence signal may respond differently to these metal 
ions. It could be possible that fluorescence is quenched even though the probe is colored. 
 The binding behavior of compounds 5.11, 5.12, and 5.13 towards different metal 
ions such as Na
+
, K
+
, Ca
2+
, Mg
2+
, Cr
3+
, Al
3+
, Fe
3+
, Fe
2+
, Zn
2+
, Cd
2+
, Co
2+
, and Hg
2+
 ions 
was studied by fluorescence in same solvent  system 1:1 (EtOH:H2O) at pH 7.1. 
Compounds 5.11, 5.12, or 5.13 (10 µM) have a low fluorescence at 577 nm. Upon the 
addition of five equivalents of Al
3+
 or Fe
3+
 ions, a strong fluorescence emission at 577 
nm was observed with a distinct color change from colorless to pink. But the addition of 
other metal ions mentioned above did not produce any significant enhancement in 
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fluorescence intensity. This clearly indicates that compounds 5.11, 5.12, or 5.13 could be 
used as potential fluorescent chemosensors for either Fe
3+
 or Al
3+
 ions. For example, 
Figure 5.10 shows a selectivity chart of compound 5.12 with all metals. The comparison 
chart of compounds 5.11, 5.12, or 5.13 for Al
3+
 and Fe
3+
 ions is shown in Figure 5.11. All 
compounds showed almost the same fluorescent intensity for Fe
3+
 ion. However, model 
compound 5.11 showed less fluorescent intensity for Al
3+
 ion in comparison to the 
compounds 5.12 and 5.13. The fluorescent intensity due to Al
3+
 ion is almost half of Fe
3+
 
ions. This could probably be due to the presence of the nitrogen atom of pyridine ring in 
5.12 or sugar group in 5.13 which may impart some kind of selectivity to Al
3+
 ion either 
through direct coordination or through hydrogen bonding to a metal ion. 
 
Figure 5.10. Fluorescence selectivity chart of compound 5.12 (10 µM) in 1:1 
(EtOH:H2O), pH=7.1,upon the addition of metal ions (five equivalents) as their ClO4
-
 
salts (*Cl
-
 salt) λex=550 nm. 
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Figure 5.11. Comparison of fluorescence selectivity chart of compounds 5.11 (benzene), 
5.12 (pyridine), and 5.13 (sugar) (10 µM) in 1:1 (EtOH:H2O), pH=7.1, upon the addition 
of five equivalents of Fe
3+ 
and Al
3+
 ions as their ClO4
- salts (λex=550 nm). 
In order to further investigate the interaction of 5.12 and 5.13 with Fe
3+
 and Al
3+
 
ions, full fluorescence titrations were carried out  in an aqueous ethanol solution of 1:1 
(EtOH:H2O). For example, Figures 5.12 and 5.13 showed the fluorescence titration of 
compound 5.12 with Fe(ClO4)3 and Al(ClO4)3. The addition of increasing concentration 
of Al
3+
 or Fe
3+
 ions to the solution of compounds 5.12 or 5.13 resulted in the gradual 
increase of fluorescence intensity at 577 nm, reaching saturation after the addition of five 
equivalents of Fe
3+
 or Al
3+
 ions. Binding constants were calculated by two method: (a) 
Benesi-Hildebrand method and (b) HypSpec program
116
 and are shown in Table 5.2. Both 
methods showed the binding stoichiometry is 1:1. As explained above, the binding 
constants calculated by the HypSpec program is a magnitude greater than those 
calculated from the Benesi-Hildebrand method. 
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(A)                                                                                                (B)  
                
(C)                                                                                                          (D) 
                                  
Figure 5.12. (A) Fluorescence spectrum of compound 5.12 (20 µM) upon addition of Fe(ClO4)3,  (B) binding isotherm in 1:1 
(EtOH:H2O), pH=7.1, (C) binding isotherm from HypSpec program,
116
 and (D) Benesi-Hildbrand plot. 
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(A)    (B)                                                                                              
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Figure 5.13. (A) Fluorescence spectrum of compound 5.12 (20 µM) upon addition of Al(ClO4)3, (B) binding isotherm in 1:1 
(EtOH:H2O), pH=7.1, (C) binding isotherm from Hyp Spec program,
116
 and (D) Benesi-Hildbrand plot. 
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Table 5.2  
Binding constants (K11) calculated for fluorescence titration of 5.12 and 5.13 with 
Fe(ClO4)3 and Al(ClO4)3 using Benesi-Hildbrand and HypSpec program
116
 
 
Compounds Salts Bemesi-Hildbrand (K11, M
-1
) HypSpec (K11 M
-1
) 
 
5.12 
 
Fe(ClO4)3 
 
3.23×10
4
 
 
1.2×10
5
  
Al(ClO4)3 8.0×10
4
  3.9×10
4
  
 
5.13 Fe(ClO4)3 3.3×10
4
  5.3×10
5
  
Al(ClO4)3 3.5×10
4
 1.2×10
5
  
 
 
Based upon the UV-Vis and fluorescence results, it is assumed that Fe
3+
 or Al
3+
 ion 
could be coordinated by the carbonyl oxygen atom of lactam ring and nitrogen atoms of 
triazole ring. It is possible that the nitrogen atom of pyridine ring in 5.12 and sugar 
functional groups in 5.13 could be involved in coordination of metal ions or at least can 
impart aid in the coordination. Therefore, detailed 1D and 2D NMR and IR studies have 
been carried out in order to gain further insight into the binding of metal ions.  
1
H NMR Studies of Molecular Probes 5.11, 5.12, and 5.13 
UV-Vis and fluorescence studies of the compounds 5.11, 5.12, and 5.13 showed 
that either Fe
3+
 or Al
3+
 ions can be detected via a spectroscopic signal. It is reasonable to 
believe that the coordination of metal ions can occur via the oxygen atoms of the lactam 
and nitrogen atoms of the triazole group. However, this is difficult to prove using UV-Vis 
and fluorescence spectroscopy alone as these techniques do not elucidate structure. On 
the other hand, NMR spectroscopy is very informative regarding the coordination 
geometry. Therefore, we turned to extensive NMR studies (1D and 2D) to obtain an 
understanding of the coordination mode .
1
H NMR titrations are carried out in CD3CN, 
and Al(ClO4)3 is used instead of Fe(ClO4)3 as explained in Chapter IV. The signals were 
182 
 
   
 
assigned based on the 2D NMR such as COSY, HMQC, HMBC, and ROESY.  As all 
three compounds are similar, compound 5.12 is discussed in detail.  
A 10 mM solution for compound 5.12 and a 100 mM for Al(ClO4)3 were used in 
1
H NMR titration. The signals followed in the 
1
H NMR experiment of compound 5.12 are 
highlighted in Figure 5.14 with their chemical shifts values in the free ligand 5.12 in 
CD3CN. 
 
Figure 5.14. 
1
H NMR assignments that are followed in the NMR titration experiments in 
CD3CN.The chemical shifts values of A, B, and C in the free ligand 5.12 are δ 4.32 , 7.19 
and  5.36 ppm, respectively. 
 
Three important changes were found during 
1
H NMR titration of compound 5.12 
with Al(ClO4)3. 
1) Significant down field shifts of the protons (A, B, and C in Figure 5.14) 
2) Broadness of the signals (0.1 to 0.7 equivalents) 
3) Chemical shifts remained almost constant after one equivalent 
There were significant downfield chemical shifts in 
1
H NMR spectrum upon the 
addition of Al
3+
 ions. In particular, the proton at carbon number 11’ on the triazole ring 
(B), protons at carbon number 1, 2, 4, 5, 7, 8 on the xanthene ring, and protons at carbon 
number 14’, 15’, 16’ of pyridine ring are more shifted into down field with lesser extent 
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for CH2 group attached to lactam amide (A), and pyridine ring (C) (Figures 5.15 and 
5.16). A change in chemical shift for all of the protons for both compounds 5.12 before 
and after addition of five equivalents Al(ClO4)3 are summarized in  Table 5.3. The 
downfield shift of the protons attached to carbon numbers 1, 2, 4, 5, 7, and 8 of xanthenes 
ring can be explained by the conjugation effect and electron deficient nature of the 
xanthene ring after a spirocyclic form of rhodamine is opened to a ring open amide form 
upon binding with Al
3+
 ions. The dow field shift of the other protons such as the protons 
assigned to triazole (B), pyridine (protons attached to carbon numbers 14’, 15’, 16,’ and 
17’), CH2 group attached to lactam amide (A), and pyridine ring (C) can be explained by 
the inductive effect once the Al
3+
 ion is possibly coordinated by the carbonyl oxygen 
atoms, the nitrogen atoms in the triazole and pyridine ring. There was almost no change 
in chemical shifts after addition of one equivalent of Al(ClO4)3. The binding affinity of 
5.12 for Al
3+
 ion was calculated to be K11 =2.9 × 10
5 
M
-1
 using the HypNMR program
141
 
(Figure 5.17).  
All the proton signals were broadened upon addition of Al
3+
 ions. In particular, 
the signals assigned to xanthene ring (protons attached to carbon numbers 1, 2, 4, 5, 7, 8) 
are broad, very difficult to distinguish, and difficult to follow in the early addition of 
titration (from 0.1 to 0.7 equivalents) suggesting that none of the free ligand or complex 
is predominant up to 0.7 equivalents (Figure 5.15). Broadness in the NMR signals 
assigned to rhodamine based sensors upon addition of metal ions are seen in many 
examples.
207, 208
 This basically indicates that there is equilibrium between the free ligand 
5.12 and its complex [Al (5.12)]
3+
. An average signal is obtained in NMR time scale for 
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all the species involved during equilibrium. The other reason could be due to the 
paramagnetic properties of aluminium which are explained in Chapter IV.
163
 
A new signal appears at 8.09 ppm after addition of  one equivalent of Al(ClO4)3 
whose intensity grows with shifting to downfield upon further addition of Al(ClO4)3 
(Figure 5.15). It is assigned as the signal for the protons of water molecules that are 
coordinated to the metal centre. On addition of excess Al(ClO4)3, the ligand (5.12) 
became saturated, and added Al(ClO4)3 would not bind the ligand and remains as free in 
the solution. Water molecules coordinated with Al(ClO4)3 increase during titration which 
explain the increase in the intensity of the signal. The downfield shift of the signal after 
each equivalent could be due to the change in the solvent composition of CD3CN and 
water molecules which comes from water molecules associated with Al(ClO4)3. In  fact, 
the signal at 8.09 ppm is found  interchangeable with the signal at 2.03 ppm, which is  the 
standard chemical shift for free water signal in CD3CN. 
 
 
185 
 
   
 
 
Figure 5.15. Partial 
1
H NMR stack plot: Addition of Al(ClO4)3 with compound 5.12 (10 
mM) in CD3CN (aromatic region only). 
 
Figure 516. 
1
H NMR Stack plot: Addition of Al(ClO4)3 with compound 5.12 (10 mM) in 
CD3CN for CH2 protons attached to lactam (A) at δ 4.32 ppm, and for CH2 protons 
attached to pyridine (C)  at δ 5.36 ppm. 
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Table 5.3  
Change in 
1
H NMR chemical shift of compound 5.12 (10 mM) after addition of five 
equivalents of Al(ClO4)3 in CD3CN.  
 
 
Note. Negative sign in difference of chemical shift means up field signals in complex 
 
Protons 
1
H-NMR (500 MHz) 
CH3CN-d3 (J = Hz) 
5.12
 
1
H-NMR (500 MHz) 
CH3CN-d3 (J = Hz) 
5.12 +  five equivalents 
 
Difference 
[Complex-ligand] 
 
1 
 
6.25 (d, J = 8.9) 
 
6.89(d, J=8.0 Hz) 
 
0.64 
2 6.18 (dd, J = 7.8, 2.6) 7.08(d, J=7.0 Hz) 0.9 
3 N/A N/A N/A 
4 6.33 (d, J = 2.6) 7.56(s) 1.23 
4a N/A N/A N/A 
4b N/A N/A N/A 
5 6.33 (d, J = 2.6) 7.56(s) 1.23 
6 N/A N/A N/A 
7 6.18 (dd, J = 7.8, 2.6) 7.08(d, J=7.0 Hz) 0.9 
8 6.25 (d, J = 8.9) 6.89(d, J=8.0 Hz) 0.64 
8a N/A N/A N/A 
8b N/A N/A N/A 
9 N/A N/A N/A 
10 3.32 (q, J = 7.1) 3.68(s) 0.36 
11 1.10 (t, J = 7.0) 1.17(t. J=7.1 Hz) 0.07 
1’ N/A N/A N/A 
2’ N/A N/A N/A 
3’ N/A N/A N/A 
4’ 7.89-7.80 (m) 8.01(d,J=6.35 Hz)) 0.12-0.21 
5’ 7.54-7.45 (m) 7.74-7.61(m) 0.2-0.16 
6’ 7.54-7.45 (m) 7.74-7.61(m) 0.2-0.16 
7’ 7.06 (d, J = 7.8) 7.17(d, J=7.2 Hz) 0.11 
8’ N/A N/A N/A 
9’ 4.33 (s) 4.54(s) 0.23 
10’ N/A N/A N/A 
11’ 7.19 (s) 7.89(s) 0.17 
12’ 5.36 (s) 5.87(s) 0.51 
13’ N/A N/A N/A 
14’ 7.06(d, J = 8.9) 7.74-7.61(m) 0.68-0.55 
15’ 7.71 (td, J = 7.7, 1.8 Hz) 8.62(t. J=7.4 Hz) 0.91 
16’ 7.27 (dd, J = 6.7, 4.9) 8.06(t, J=6.6 Hz) 0.79 
17’ 8.85 (d, J = 4.7 Hz) 8.74(d, J=5.4 Hz) -0.11 
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Figure 5.17. 
1
H NMR Binding isotherms of compound 5.12 (10 mM) for the protons (A), 
(B), and (C) after the addition of Al(ClO4)3 from HypNMR program.
141
 
The 
1
H NMR studies of compounds 5.11 and 5.13 with Al(ClO4)3 are also carried 
out and showed the similar pattern as compound 5.12. The only difference is the sugar 
and benzene groups instead of pyridine ring in compounds 5.12 and 5.13, respectively. 
The changes in the chemical shifts of the protons attached to the benzene scaffold in 5.11 
are negligible in comparison to the chemical shifts observed in the pyridine ring of 
compound 5.12. This confirms that the nitrogen atom of pyridine ring in compound 5.12 
is involved in the coordination of Fe
3+
 or Al
3+
 ion (Figure 5.18 and scheme 5.7). 
Surprisingly in compound 5.13, the changes in the chemical shifts for the protons of 
sugar are small indicating that the sugar functional groups (acetyl, ring oxygen atoms) 
might not involve the coordination of Al
3+
 ions. 
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(A)                                                           (B) 
 
Figure 5.18. Cartoons showing the proposed binding mechanism of metal ion by 
compound 5.11 (A) and 5.12 (B).
 
 
Scheme 5.7. Proposed binding mode of compound 5.12 with Fe
3+
/Al
3+
 ion. 
13
C NMR studies of Molecular Probe 5.11 and 5.12  
The 
1
H NMR studies of compound 5.12 with Al(ClO4)3 showed that the carbonyl 
oxygen atoms on the lactam group and the nitrogen atom of triazole and pyridine ring are 
involved in the coordination of metal ions. In general, it is the carbonyl oxygen atoms of 
the lactam ring that normally triggered the ring opening of spirolactam after the 
coordination of metal ion and is seen in almost all rhodamine based sensors. The 
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carbonyl group is in conjugation once the spirolactame ring is open and hence should 
have less double bond character (Chapter I). Therefore, the signal for the carbonyl group 
should be different either in the intensity has changed (increased or decreased), or there is 
a chemical shift in
 
signal. Besides, all of the free rhodamine based sensors showed the 
13
C 
signal for the spirocyclic carbon atom at ~ 65 ppm, which is in fact, the evidence for the 
compound’s existence in spirolactam configuration. The intensity of 13C signal for the 
spirocyclic carbon atom should be decreased or absent in the 
13
C NMR spectrum of the 
complex as it does not exist in the ring open structures. Furthermore, the chemical shift 
change in the 
13
C NMR signals gives important information about the coordination 
environment of the metal ion.  
The 
13
C NMR studies of compound 5.12 with Al
3+
 ion will be used as an 
example. The 
13
C NMR of the free ligand (5.12) showed the signal of the spirocyclic 
carbon and carbonyl groups at δ 65.84 and 168.75 ppm, respectively (Figure 5.19). The 
signals of these carbons are significantly reduced in intensity in the 
13
C NMR spectrum of 
the complex containing five equivalents of Al(ClO4)3 (Figure 5.20). The low intensity 
signals for the spirocyclic carbon and carbonyl carbon indicate that the spirolactam ring 
open to bind the metal ion with the carbonyl group possibly coordinating the metal ion. 
The low intensity signals suggest that the binding is an equilibrium process with the 
major product being a desired complex. The carbonyl group is slightly deshielded by 0.32 
ppm in the 
13
C NMR spectrum of the complex indicating the coordination of a metal ion 
by a carbonyl oxygen atom lowers and pulls the electron density away from a carbonyl 
carbon group. While the 
13
C signal for spirocyclic carbon is shifted to up field by 1.36 
ppm indicating the increase in electron density by conjugation. A change in chemical 
190 
 
   
 
shifts for all the carbons of both compounds 5.12 before and after addition of five 
equivalent Al(ClO4)3 is given in Table 5.4. 
Compound 5.11 and 5.13 are also studied by 
13
C NMR with five equivalents 
Al(ClO4)3 and showed the similar pattern as compound 5.12. The signal of spirocyclic 
carbon and lactam carbonyl groups at δ 65.8 and 168.75 ppm respectively are 
significantly reduced in the 
13
C NMR spectrum of the complex suggesting the 
coordination of metal ions by carbonyl oxygen atoms. 
 
 
Figure 5.19. 
13
C NMR spectrum of free ligand 5.12 (10 mM) in CD3CN (Figure 5.13). 
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Figure 5.20. 
13
C NMR spectrum of complex of ligand 5.12 (10 mM) with five 
equivalents Al(ClO4)3 in CD3CN. 
Table 5.4  
Change in 
13
C NMR chemical shift of compound 5.12 (10 mM) after addition of five 
equivalents of Al(ClO4)3 in CD3CN.  
 
Carbon 
13
C NMR (500 MHz) 
CH3CN-d3 
5.12 
13
C NMR (500 MHz) 
CH3CN-d3 
5.12 + five equivalents 
Al(ClO4)3 
 
Difference 
(Complex-ligand) 
 
1 
 
130.1 
 
132.2 
 
2.1 
2 109.4 119.0 9.6 
3 106.4 122.0 15.6 
4 98.7 112.9 14.2 
4a 150.2 153.0 2.8 
4b 150.2 153.0 2.8 
5 98.7 112.9 14.2 
6 106.4 122.0 15.6 
7 109.4 119.0 9.6 
8 130.1 132.2 2.1 
8a 154.6 139.4 -15.2 
8b 154.6 139.4 -15.2 
9 65.8 64.4 -1.4 
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Table 5.4 (continued). 
 
Note. Negative sign in difference of chemical shift means up field signals in complex 
2D NMR Studies of Molecular Probe 5.11 and 5.12  
1
H NMR and 
13
C NMR indicate that compounds 5.12 coordinates the Al
3+
 ions 
via the carbonyl oxygen atoms of lactam and nitrogen atoms of triazole and pyridine 
rings. However, it does not provide the information about the geometry or three 
dimentional structure of the coordination environment. The conformation of rhodamine 
based sensors should be completely changed in the complex as the spirolactam 
configuration is opened upon coordination with the metal ions. Therefore the 
coordination of compound 5.12 with Al(ClO4)3 was studied in detail by 2D NMR 
Carbon 
13
C NMR (500 MHz) 
CH3CN-d3 
5.12 
13
C NMR (500 MHz) 
CH3CN-d3 
5.12 + five equivalents 
Al(ClO4)3 
 
Difference 
(Complex-ligand) 
 
10 
 
45.2 
 
55.5 
 
10 
11 13.0 10.7 2.3 
1’ 65.8 64.4 -1.4 
2’ 155.4 130.4 -25 
3’ 132.1 153.4 21.3 
4’ 123.9 124.5 0.6 
5’ 129.6 134.9 5.3 
6’ 134.1 130.8 -3.3 
7’ 124.8 125.0 0.2 
8’ 168.8 169.0 0.2 
9’ 36.1 35.8 -0.3 
10’ 145.5 144.7 -0.8 
11’ 124.8 126.5 1.7 
12’ 56.0 55.5 -0.5 
13’ 156.4 149.9 -6.9 
14’ 123.3 127.9 4.6 
15’ 138.6 149.5 10.9 
16’ 124.5 128.4 3.9 
17’ 151.0 143.2 -7.8 
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(COSY, HMQC, HMBC, and  ROESY). In particular, the ROESY was important and 
gives the correlation of protons in space and helps in the structure elucidation of both free 
ligand (5.12) and its complex [Al(5.12)]
3+
. The protons and carbons of both compound 
5.12 and its complex are assigned accurately on the basis of 2D NMR. 
The rOe spectrum of compound 5.12 showed seventeen rOe signals in CD3CN. 
The three important rOe signals are labelled as (A) (B) and (C) in Figure 5.22. An rOe 
signal (A) showed that the protons attached to carbon number 12’ are near to the protons 
attached to carbon number 10 on the xanthene ring. The rOe signals (B) and (C) showed 
the proton attached to carbon number 2 of xanthene ring is closer to the proton of triazole 
ring (attached to 11’ carbon) and CH2 group attached to lactam ring (Figure 5.25). These 
rOe signals are reasonable as the calculated bond distances are within 5 Å calculated 
from the crystal structure of compound 5.12(Figure 5.23).  These rOe signals labelled as 
(A) (B) and (C) are absent in the rOe spectrum of the complex with the Al(ClO4)3(Figure 
5.24 and 5.25).The disappearance of these signals in the coordination  complex indicates 
that the pendant arm of the compound 5.12  is far away from the main xanthene ring after 
binding with the Al
3+
 ion as shown in Figure 5.21.  
 
Figure 5.21. Cartoon showing the pendent arm becomes far from the xanthene ring after 
coordination of metal ion. 
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Figure 5.22. Correlation of protons labelled as A, B, and C seen in the 2D ROESY of 
free ligand (5.12) in CD3CN. 
 
Figure 5.23. ROSEY of compound 5.12 (10 mM) in CD3CN. Calculated distances (A) 
3.25 Å (B) 3.07 Å, and (C) 4.82 Å. 
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Figure 5.24. Proposed structures of complex [Al(5.12)]
3+
. 
 
Figure 5.25. ROSEY of complex of compound 5.12 (10 mM) with five equivalents 
Al(ClO4)3 in CD3CN.The cross peak labelled as (A), (B), and (C) were absent in the 
complex. 
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2D NMR of the compounds 5.11 with Al(ClO4)3 is also studied in detail and 
supports the conclusion that pendent arm is far away from the xanthene ring upon 
coordination of metal ion. 2D NMR of the compounds 5.13 with Al(ClO4)3 is under 
study. 
IR Study of Molecular Probe 5.12 
The
 13
C NMR of the complex 5.12 clearly showed the coordination of metal ion 
by carbonyl oxygen atoms of the lactam group. The coordination of metal ion by 
carbonyl group of lactam can further be verified by studies of IR-spectrum as the 
carbonyl group of lactam has characteristic IR stretching bands. A change in either  the 
intensity or shift in the stretching band of carbonyl groups further verifies the 
involvement in the coordination of Fe
3+
 ion. 
Therefore, the coordination of compound 5.12 with Fe(ClO4)3 is studied by IR-
spectroscopy. The infrared spectrum of free receptor 5.12 was recorded as a solid using 
an ATR-IR and showed the characteristic IR bands for the lactam functional group.  The 
lactam carbonyl stretching band appears at 1681 cm
-1 
(Figure 5.26). For the metal 
complex needed for the IR study, the compound 5.12 and Fe(ClO4)3 was prepared in 1:1 
stoichiometry by refluxing the metal salt and the molecular probe in CH3CN overnight 
and evaporated to dryness and left to air dry over several days. The dried pink red solid 
was used to take an IR spectrum for the complex. The IR-spectrum of the complex 
showed that stretching band of the carbonyl group is almost completely reduced and 
broad at 1681cm
-1
(Figure 5.26).The reduced peak for the carbonyl group indicates that it 
should involve coordination with the Fe
3+
 ion. This is because on coordination of Fe
3+
 ion 
with the oxygen atoms of the carbonyl group, the double bond character of the carbonyl 
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group is reduced. Further, the carbonyl group is in conjugation once the lactam ring is 
opened to bind the metal ion (Chapter I). Also, a broad band is seen at 3300-3600 cm
-1
. It 
could be either the water molecule coordinated to the metal ion or the hydroxyl group 
formed from the carbonyl group of the lactam ring after opening the ring. It is possible 
that the negative carbonyl oxygen atom may pick the hydrogen and form a hydroxyl 
group.  
 
 
Figure 5.26. ATR-IR data of compound 5.12 on the addition of Fe(ClO4)3. 
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Reversibility of Molecular Probes 5.11, 5.12 and 5.13 
As discussed in Chapter II, the reversibility of the chemosensors for binding a 
target ion is a very important aspect of practical application. The reversibility of 5.11, 
5.12, and 5.13 with both Fe
3+
 or Al
3+ 
ions is studied by simply adding DFB 
(deferoxamine) in an aqueous ethanol solution of 1:1 (EtOH:H2O) at pH 7.1 to the 
desired probe. The DFB molecule is a siderophore which has a high affinity for iron. The 
addition of three equivalents of DFB to the solution of complex with Fe
3+
 or Al
3+ 
(three 
equivalents of Fe
3+
 or Al
3+
 to 10 µM solution) ions decreased the fluorescence intensity 
nearly to the initial fluorescence intensity ( blue line spectrum in Figure 5.27 and 5.28)  
indicating the solution returned to original lactam state. The addition of more than three 
equivalents of DFB might completely ‘strip’ out the Fe3+ or Al3+ ions from the complex, 
and the florescence might return to initial stage. When high concentrations of Fe
3+
 or Al
3+
 
ions were added to the system again, the fluorescence of solution was enhanced again. 
This confirms that the reversibility is due to the chelation-induced ring opening of 
rhodamine spirolactam rather than other possible reactions. Figures 5.27 and 5.28 showed 
the reversibility of compound 5.12 with Fe(ClO4)3 and Al(ClO4)3 with DFB. 
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Figure 5.27. Reversibility test: [5.12] =10 µM; Fe (III) =100 µM; DFB=100 µM in 
EtOH: H2O (1:1). 
 
Figure 5.28. Reversibility test: [5.12] =10 µM; Al (III) =100 µM; DFB=100 µM in 
EtOH: H2O (1:1). 
Detection Limit of Molecular Probe 5.12 and 5.13 
It is important for the probes to detect Fe
3+
 and Al
3+
 ions in low concentrations. 
The limit of detection was calculated by titrating 10 μM of compound 5.12 with 100 μM 
Fe(ClO4)3 in 1:1 (EtOH : H2O)  (Figure 5.29). For compound 5.13, 5 μM of compound 
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5.13 is titrated with 50 μM Fe(ClO4)3 in 1:1 (EtOH : H2O). The solution is stirred for a 
few minutes after addditon of metal salts before taking the fluorescence reading. The 
fluorescence intensity at 577 nm is increased upon the addition of Fe(ClO4)3. The limit of 
detection was calculated by using the method of least squares as described in Chapter II. 
The limit of detection of compound 5.12 and 5.13 for Fe
3+
 ion was calculated to be 1.15 
μM (64 ppb) and 0.59 μM (33 ppb) (Figure 5.30). 
In the Unites States, iron in drinking water is considered as secondary 
contaminant which does not pose a danger to human health. Therefore, iron is not 
considered “toxic;” however, its concentration greater than recommended limit changes 
the color and taste of water. Excess iron can cause yellow/orange/brown staining on 
skins, teeth and cloths. The recommended limits of iron in drinking water is 0.1 mg/L 
(100 ppb) and 0.3 mg/L (300 ppb) by the World Health organization and the  U.S. 
Environmental Protection Agency, respectively.
209
 The detection limit of molecular 
probes 5.12 and 5.13 are below the limits set up by the WHO and the U. S. EPA. 
 
Figure 5.29. Fluorescence chart of 5.12 (10 μM) with 100 μM Fe(ClO4)3 used to 
calculate LOD. 
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Figure 5.30. Calibration curve used to calculate the LoD for Fe
3+
 with 5.12. 
Protocols to Distinguish Fe
3+
 and Al
3+
 Ions 
 
The molecular probes developed so far for the detection of Fe
3+
 ions suffer from 
cross sensitivity towards competitive metal ions such as Al
3+
 and Cr
3+
 ions ( to less 
extent).
180, 210, 211
 Upon the review of literature, many of the published work omit these 
two cations. Therefore, this brings into questions how selective these in the other 
molecular sensors.
109, 179
 In particular, the Al
3+
 ion gives almost identical response to Fe
3+
 
ions. This is a double edge sword because on the one hand, Al
3+
 ion can aid our 
understanding in the coordination environment by using NMR but, yet Al
3+
 ion can also 
interfere and compete with the molecular probewhen targeting the Fe
3+
 ions. This is not 
surprising as the Al
3+
 ion has almost the same properties as Fe
3+
 ions. For example, both 
Al
3+
 and Fe
3+
 ions havet he same charges (+3) and are almost of same ionic sizes. The 
Al
3+ 
ion has the size of (0.53 Å for tetrahedral and 0.68 Å for octahedral)  while the size 
of Fe
3+ 
ion is (0.69 Å for low spin and octahedral, 0.79 Å for high spin and octahedral, 
0.63 Å for high spin and tetrahedral).
212
 Both Al
3+
 and Fe
3+
 ions are considered hard 
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Lewis acid and hence prefer to bind with a hard Lewis base such as oxygen atom.
213
 
Aluminium mostly exists as Al
3+
 ions while iron exists in both Fe
3+
 and Fe
2+
 ions. 
214
   
The size of Fe
2+
 ion is 0.77 Å. Therefore, it is a challeng to make a sensor that is selective 
to Fe
3+
 ions over the Al
3+
 ion. Hence there is a need for methods that can distinguish Fe
3+
 
and Al
3+
 ions. One way to distinguish Fe
3+
 and Al
3+
 ions is Fe
3+
 ion can be reduced to 
Fe
2+
 ion while Al
3+
 ion cannot be reduced to the Al
2+
 ion. There are a number of chemical 
means to reduce the Fe
3+ 
ion to the Fe
2+
 ion for example, sodium ascorbate, 
hydroxylamine hydrochloride, sodium sulphite, zinc powder, and hydroquinone. Once 
Fe
3+
 ion is reduced to Fe
2+
 ions, it is known that particular reagents such as ferrozine and 
1, 10-phenathroline can be used to monitor the Fe
2+
 ion as these reagents give strong 
color upon the coordination with Fe
2+
 ion but not with the Fe
3+
 ion. 
Based on the redox chemistry, we have developed two protocols using ferrozine 
and 1, 10- phenanthroline to distinguish between Fe
3+
 and Al
3+
 ions which are discussed 
detail below. 
Protocol to Distinguish Fe
3+
 and Al
3+
 Ions Using Ferrozine 
Ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4”-disulfonic acid sodium 
salt) is a bidentate ligand that binds to Fe
2+ 
ion in a 3:1. Upon the coordination of the Fe
2+
 
ion, a strong purple color is seen (Scheme 5.8).
215
The molar absorption coefficient of 
ferrozine complex is 30,000 L mol
-1
 cm
-1
. The two sulfite groups (-SO3
-
) on each 
ferrozine molecule keep the resulting complex soluble in water. The absorption band is 
seen in the visible region with λmax=562 nm (Figure 5.31).
216, 217
 Ferrozine has previously 
been used to monitor Fe
2+
 ion in an aqueous system. 
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Scheme 5.8. Structures of ferrozine and its complex with Fe
2+
 ion (counter ion Na
+
). 
The intense color of ferrozine complex with Fe
2+
 ion is due to the formation of a 
charge transfer complex which is defined as an association of two or more molecules in 
which the electronic charge from the d-orbitals is transferred  to the empty π*-orbitals of 
the ligand. There are two types of charge transfer complexes: metal to ligand charge 
transfer (MLCT)  complexes such  as MnO4
-
, CrO4
- 
and ligand to  metal charge transfer 
complex (LMCT) complexes such as [PtCl4]
2-
. The charge transfer transition are both 
spin-allowed (Δ S= 0) and laporte-allowed (Δ l= ±1) and hence intense-absorptions bands 
are observed. Ferrozine complex with Fe
2+
 ions is classified as a metal to ligand charge 
transfer complex (MLCT) in which the electronic charge shifts from the molecular orbital 
with metal-like character (Fe
2+
 ion) to the antibonding ligand orbital of ferrozine.
38, 218
 
One important criteria for MLCT transitions is that it needs a ligand with a high energy 
antibonding orbitals for examples strong field ligands (CO, CN
-
 and PR3). Ligands with 
delocalized π orbitals such as 1,10-phenanthroline and bipyridine also provide suitable π* 
orbitals.
38, 219
  
In MLCT, the metal is formally oxidized (loses electron) while ligand is reduced 
(gains electron). Therefore, the more reducing the metal is and more oxidizing the ligand, 
the less energy the corresponding CT band will have and appears in the visible region. A 
204 
 
   
 
Fe
2+
 ion complex will yield MLCT bands of lower energy than those of a Fe
3+
 ion 
complex. Fe
2+
 ion can be easily oxidized to Fe
3+
 ion whereas Fe
3+
 ion is not readily 
oxidized to Fe
4+
 ion. Therefore, in comparison to Fe
2+
 ion, Fe
3+
 ion does not give strong 
color with ferrozine and does not absorb in the visible region (Figure 5.31).
219
 
(A)                                                                 (B) 
              
Figure 5.31. (A) UV-Vis spectrum of ferrozine (50 μM), its complex with Fe2+ (0.5 mM) 
and Fe
3+
 (0.5 mM) ions in 1:1 (EtOH:H2O) and (B) its  UV-Vis absorbance from 350-750 
nm. 
Protocol  
The protocol is applied separately with each of Fe(ClO4)3, Al(ClO4)3 and for 
mixture of Fe(ClO4)3 and Al(ClO4)3 in three different ratios (3:1, 1:1, and 1:3)  with 
compound 5.12 as discussed below. 
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Scheme 5.9. Representation of protocol using ferrozine to distinguish Fe
3+
 and Al
3+
 ions. 
Addition of Fe(ClO4)3 
The absorbance of the free ligand 5.12 (2 mL of 100 µM) prepared in 1:1 
(EtOH:H2O) was recorded; there is a low absorbance band at 560 nm as shown by green 
spectrum in Figure 5.32. Then two equivalents of Fe(ClO4)3 (400 µL of  1mM Fe(ClO4)3) 
prepared in 1:1 (EtOH:H2O) was added into it. The solution turns pink red in color, and 
its absorbance was taken after one hour (shown by red spectrum in Figure 5.32). The pink 
red color is due to the formation of rhodamine complex with Fe
3+
 ion as shown in 
Scheme 5.9.  
In the next step, 100 µL of 10 mM sodium ascorbate prepared in H2O and 200 µL of 
one mM ferrozin prepared in H2O were added simultaneously into the solution. Sodium 
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ascorabte reduced Fe
3+
 ion to Fe
2+
 ion which then reacts with the ferrozine to form the 
ferrozine complex [Fe(ferrozine)3]
2+
 (Scheme 5.9). The change of color from pink to 
purple indicates the formation of ferrozine complex which is shown by the development 
of the purple color spectrum in Figure 5.32. The absorbance of the purple band is 
measured with increasing time interval of a few minutes until the color becomes constant 
as shown in Figure 5.32. The purple band has the same absorbance maximum as the 
rhodamine absorbance band however, the purple band is broad and ranges from 400- 
700nm. 
(A)                                                                      (B) 
  
Figure 5.32. Ferrozine protocol with Fe(ClO4)3 in 1:1( EtOH: H2O). (A) UV-Vis 
absorbance of 5.12 (100 μM) on addition of Fe(ClO4)3 (1 mM), sodium ascorbate (10 
mM),and ferrozine (1 mM) and (B) absorbance with increasing time interval. 
 Addition of Al(ClO4)3 
The same experiment is repeated for Al(ClO4)3. In the case of Al(ClO4)3; the pink 
color did not change into purple color after addition of sodium ascorbate and ferrozine 
(Figure 5.33). This is reasonable as there is no Fe
3+
 ion in the solution.  
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(A)  (B) 
 
     
 
Figure 5.33. Ferrozine protocol with Fe(ClO4)3 in 1:1 ( EtOH: H2O). (A) UV-Vis 
absorbance of 5.12 (100 μM) on addition of Al(ClO4)3 (1 mM), sodiuam ascorbate (10 
mM), and ferrozine (1 mM) and (B) absorbance with increasing time interval. 
 
Addition of Fe(ClO4)3 and Al(ClO4)3 
Once it was established that the color is only turned on upon the reduction of Fe
3+
 
to Fe
2+
, we then looked at a mixed system. Three different ratios of Al(ClO4)3:Fe(ClO4)3 
(3:1, 1:1, or 1:3) were used for the study.The purple color is produced in all three 
different ratios. Figure 5.34 shows UV-Vis absorbance with 1:3 (Fe(ClO4)3:Al(ClO4)3). 
However, the intensity of color is different which is reflected by the intensity of broad 
ferrozin band (purple color) from 400-700 nm. The intensity of ferrozin band is small 
when the Fe
3+
 ion is present in low amount in the mixture and vice versa. Hence, the 
intensity of broad ferrozin band can be used as the good indication for presence of Fe
3+ 
ion amount in the solution. However, when Al
3+
 ion is present in low concentration in the 
mixture, this method is not good enough to indicate the presence of Al
3+
 ion.  
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(A)                                                             (B) 
   
 
Figure 5.34. Ferrozine protocol with 1:3 (Fe(ClO4)3:Al(ClO4)3 in 1:1( EtOH: H2O). (A) 
UV-Vis absorbance of 5.12 (100 μM) on addition of 1:3 (Fe(ClO4)3:Al(ClO4)3 (1 mM), 
sodiuam ascorbate (10 mM), and ferrozine (1 mM) and (B) absorbance with increasing 
time interval. 
In summary, ferrozine can be used to distinguish Fe
3+
 and Al
3+
 ions as ferrozine 
produces strong purple color with Fe
2+
 ion which is formed by reduction of Fe
3+
 but not 
with Al
3+
 ion. One major disadvantage of this protocol is both ferrozine and rhodamine 
have the same absorbance maximum at 560 nm in UV-Vis spectroscopy. Though, 
ferrozine complex has broad band from 400-700 nm in comparison to 500-600 nm of 
rhodamine complex. The purple color of ferrozine complex is clearly distinguishable 
from the red color of rhodamine complex. 
Protocol to Distinguish Fe
3+
 and Al
3+
 Ions Using 1, 10-Phenanthroline 
Due to overlap of the absorption spectra, a different chromophore was used to 
shift the absorptionband. A slightly modified protocol is developed; this time a 1, 10-
phenantrholine indicator is used which also produces a strong orange red color with Fe
2+
 
ion but not with Fe
3+
 ion (Scheme 5.10). The maximum absorbance of 1, 10 
phenanthroline complex of Fe
2+
 ion is 508 nm which is clearly different from the 
rhodamine maximum absorbance at 560 nm (Figure 5.35). The molar absorptivity (ɛ) of 
the Fe
2+
 complex is 11,100 Lmol
-1
 cm
-1
 which indicates that the complex absorbs very 
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strongly. The intensity of the color is independent of pH in the range of 2-9. The complex 
is very stable, and the color intensity does not change appreciably long periods of time 
(Scheme 5.10).
38, 220
 
 
 
Scheme 5.10. Structures of 1,10-phenanthroline and its complex with Fe
2+
 ion. 
(A)                                                                             (B) 
   
 
Figure 5.35. (A) UV-Vis spectrum of 1,10phenanthroline (50 μM), its complex with Fe2+ 
(0.5 mM), and Fe
3+
 (0.5 Mm) ions in 1:1 (EtOH:H2O) and (B) its  UV-Vis absorbance 
from 330-630 nm.  
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Protocol  
 
Scheme 5.11. Representation of protocol using 1, 10-phenanthroline to distinguish Fe
3+
 
and Al
3+
 ions. 
This protocol is the same as the previous protocol described for the ferrozine 
(Scheme 5.11). The only difference is the use of 1, 10-phenanthroline instead of 
ferrozine. In this protocol, the pink color is slowly changed into orange red color upon 
addition of sodium ascorbate and 1,10-phenanthroline. Formation of orange red color 
indicates that 1,10-phenanthroline reacts with the Fe
2+
 ion produced by the reduction of  
Fe
3+
 ion with sodium ascorbate (Scheme 5.11). The orange red color band absorbs at 512 
nm as shown in Figure 5.36 for protocol with Fe(ClO4)3. In case of protocol with 
Al(ClO4)3, the pink color is not changed into orange red color after addition of sodium 
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ascorbate and 1,10-phenanthroline (Figure 5.37). Therefore, there is no any absorbance 
band at 512 nm. 
In the case of mixed protocol, the result is the same as the protocol for the mixture 
based on ferrozine except the difference in the color that is being formed. Figure 5.38 
shows the UV-Vis absorbance with 1:1 (Fe(ClO4)3:Al(ClO4)3). The intensity of orange 
red color band at 512 nm is small when Fe
3+
 ion is present in low concentration in the 
mixture and vice versa. Hence, the intensity of orange red band at 512 nm can be used as 
the good indication for presence of Fe
3+ 
ion amount in the solution. However, when Al
3+
 
ion is present in small amount in the mixture, this method is not good enough to indicate 
the presence of Al
3+
 ion.  
(A)                                                                      (B) 
   
Figure 5.36. 1, 10-phenanthroline protocol with Fe(ClO4)3 in 1:1( EtOH: H2O). (A) UV-
Vis absorbance of 5.12 (100 μM) on addition of Fe(ClO4)3 (1 mM), sodiuam ascorbate 
(10 mM), and 1, 10-phenanthroline (1 mM), and (B) absorbance with increasing time 
interval. 
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(A)                                                                        (B) 
  
Figure 5.37. 1, 10-phenanthroline protocol with Al(ClO4)3 in 1:1( EtOH: H2O). (A) UV-
Vis absorbance of 5.12 (100 μM) on addition of Al(ClO4)3 (1 mM), sodiuam ascorbate 
(10 mM), and 1, 10-phenanthroline (1 mM), and (B) absorbance with increasing time 
interval. 
(A)                                                                        (B) 
   
 
Figure 5.38. 1, 10-phenanthroline protocol with 1:1 (Fe(ClO4)3:Al(ClO4)3 in 1:1( EtOH: 
H2O). (A) UV-Vis absorbance of 5.12 (100 μM) on addition of 1:1 (Fe(ClO4)3:Al(ClO4)3 
(1 mM), sodium ascorbate (10 mM), and 1, 10-phenanthroline (1 mM), and (B) 
absorbance with increasing time interval. 
In summary, 1,10-phenanthroline can be used to distinguish Fe
3+
 and Al
3+
 ions as 
1,10-phenanthroline produces  strong orange red color with Fe
2+
 ion which is formed by 
reduction of Fe
3+
 but not with Al
3+
 ion. One advantage of this protocol is that orange red 
color gives the absorbance at 512 nm which is clearly different from the rhodamine 
maximum absorbance. However, both protocols can work only in UV-Vis spectroscopy. 
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Though they produce strong color with Fe
2+
 ion, their fluorescence is quenched and 
hence cannot be used to distinguish on the basis of fluorescence spectroscopy.  
Cell imaging Studies of Molecular Probe 5.12 in Vero Cells 
The importance of Fe
3+
 ion has previously been discussed (Chapter I). It is very 
important to know the concentraion of metal ions, its speciation (what chemical form 
they are in?), and location in the cells and organism to understand the consequences of 
diseases, or any metal ion related biological process.
221
 One way of obtaining this 
information is through live cell imaging which is the study of living cells using images 
acquired from microscopy (time-lapse microscopy, phase contrast microscopy, and 
fluorescent microscopy).
222
 Live cell imaging allows for the study of dynamical 
physiological processes in living cells by giving a snapshot of the cells current state, and  
overtime can produce images from a single snap shot to a movie by combining the 
individual “snapshots.”223 Live-cell imaging provides spatial and temporal information of 
dynamic molecular events in singles cells, cellular network (in situ), or even whole 
organisms (in vivo).
224, 225
 Live-cell imaging is typically carried out with cultured cell 
lines (e.g., HeLa cells), primary cell cultures (e.g., skin cells, neural cells), acute slice 
preparations (e.g., brain slices), or whole organs or organism. HeLa cells is the most 
common type of cells used and frequently studied to show that a particular molecular 
probe works in a cell environment. However, different cells are needed to investigate a 
specific disease. One of the major proble is to keep cells alive and functioning as 
naturally as possible for duration of the experiment as the cells suffer from 
photoxicity.
226, 227
 Besides, false positives are commonly seen in the cell imaging 
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experiments. In particular with the imaging of free Fe
3+
 ion in the cells as all the cells 
need iron to grow.  
Molecular probe 5.12 was studied for the detection of free intracellular Fe
3+
 ions 
in the living cells in Vero cell line cultures. The Vero cell line cultures were first grown 
overnight in 100 mL of basal media (BME).  The cells were then grown in the microtiter 
plate until it reached a >90% confluent monolayer. Iron (III) chloride (100 μM) was 
added in the wells designated as test wells, and BME media is added in the separate well 
designated as negative control (no additional FeCl3). The plate was further incubated for 
30 minutes. The cells were washed two times with sterile double distilled water, and 500 
μL of 100 μM of 5.12 was added in each wells and further incubated for 30 min at 37 °C. 
The cells were then visualized by confocal microscopy. Phase contrast image was first 
taken to visualize the cells, and the same field was laser scanned in cy3/rhodamine 
settings which has an emission and excitation wavelength of 550 nm and 580 nm, 
respectively, to detect the fluorescence. Results from the confocal images showed that in 
absence of additional iron, compound 5.12 did not show any fluorescence; whereas in 
presence of additional iron, the cells were fluoresce red (Figure 5.39). Phase contrast 
images showed the presence of fairly equal number of cells in both test and negative 
control, which suggests the possibility that this compound has least toxicity towards the 
living cells; however a separate cell toxicity test will confirm this result.  These results 
demonstrated that 5.12 can be used for detection of free intracellular Fe
3+
 ions in living 
cells.  
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(A)                                                           (B) 
 
                                     
(C)                                                            (D) 
                                      
Figure 5.39. Confocal microscopy for detecting intracellular free iron using probe 5.12. 
Phase contrast images (A and C) and fluorescence images (B and D) of Vero cells. The 
upper panel is negative control and the lower panel is the test with an additional iron.  
Cell Imaging Studies of Molecular Probe 5.12 in Bacterial Cells 
Iron also plays numerous diverse functions in bacterial cells.
228
 The growth of 
many bacterias such as Neisseria meningitides depends on the availability of iron.
229
 Iron 
influences cell composition, metabolism, enzyme activity, and host cell interaction which 
would include pathogenicity. The main functions of iron are catalytic rather than of a 
regulatory role. Iron, besides being co-factors for various proteins, can influence other 
components for the cells. For example, under iron-deficient conditios Mycobacterium 
smegmatis shows decreased DNA and RNA levels.
228
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A number of diseases are caused by the bacteria in humans. For example, cystic 
fibrosis is caused by the Pseudomonas aeruginosa
230
 while N. meningitidis causes two 
serious human diseases, pyogenic meningitis and meningococcal septicemia.
229
 Imaging 
of bacterial cell can help understand the diseases caused by them. 
Therefore, molecular probe 5.12 was also tested for its ability to detect the free 
intracellular iron in the bacterial cells. The gram positive bacterium, Staphylococcus 
aureus, was used in this study as this bacterium has the ability to sequester and use 
intracellular iron as one of its virulent factor. Staphylococcus aureus causes a number of 
diseases in humans such as pneumonia (infections of the lungs) and bacteremia 
(bloodstream infection). It is the leading causes of skin and soft tissues infections such as 
abscesses (boils), furuncles, and cellulitis.
231
 
As previously described, 100 μM FeCl3 was added in the over nightly grown cells 
and incubated for additional 30 min. The bacterial cells were collected by centrifugation 
and washed two times with sterile double distilled water. The cells were then suspended 
in 100 μL of 100 mM probe 5.12. 10 μL of the bacterial suspension was added in the 
slide, covered with the lifter slide, and then images were taken by confocal microscope.  
The bacterial cells suspension without any additional iron was used as a negative control. 
Phase contrast image of the bacterial cell was first taken to visualize the cells, and the 
same field was laser scanned in cy3/rhodamine settings which has an emission and 
excitation wavelength of 550 nm and 580 nm, respectively, to detect the presence of any 
fluorescence. The preliminary data shows that the confocal images highlights that the 
bacterial cells in absence of any additional iron did not show any fluorescence; whereas 
in presence of additional iron, the bacterial cells were fluoresced red (Figure 5.40). Phase 
217 
 
   
 
contrast images, besides showing the presence of bacteria, also showed the presence of 
fairly equal number of cells in both test and negative control, which suggests that the 
fluoresces produced in the test is due to presence of free intracellular detected by the 
probe and not due to any background fluoresce.  These results showed that this probe can 
be used to detect intracellular iron in the eukaryotic living cells as shown previously by 
many researchers, but this compound can also be used to detect the intracellular iron in 
the prokaryotic cells like bacteria.  
(A)                                                 (B) 
                           
(C)                                                        (D) 
                           
Figure 5.40. Confocal microscopy for detecting intracellular free iron using probe 5.12. 
Phase contrast images (A and C) and fluorescence images (B and D) of gram positive 
bacterium, Staphylococcus aureus. The upper panel is negative control and the lower 
panel is the test with an additional iron.  
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To further verify the results from the confocal microscopy, the fluorescence, 
produced from the bacterial cells after addition of excess iron (100 μM) and in presence 
of probe (100 μM), was also analyzed by using the fluorometer. The result of the test 
samples (bacterial cells with different source of excess iron and probes 5.12) showed the 
enhancement of fluorescence compared to those of controls (probes 5.12 only, bacterial 
cells only, bacterial cells with probes 5.12 and bacterial cells without excess iron) (Figure 
5.41). This suggests that the increased fluorescence produced in the test is because of the 
presence of increased concentration of free intracellular iron in the bacterial cells grown 
in the presence of excess free iron, and not just because of background and/or 
contamination of any residual iron concentration from the growth media.  
 
Figure 5.41. Fluorescence of baterial cells showing enhancement upon addition of 
additional FeCl3 or Fe(ClO4)3. 
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Summary 
In summary, a rhodamine-based triazole chemosensors were synthesized by 
azide-alkyne Huisgen cycloaddition reaction between 3’, 6’-bis(diethylamino)-2-(prop-2-
ynyl)spiro [isoindoline-1,9’-xanthen]-3-one (5.7) and benzy azide (5.8) or picolyl 
azide(5.9) or methyl 2, 3, 4-tri-O-acetyl-6-azido-6-deoxy-α-D-glucopyranoside (5.10). 
The structure of compounds 5.11 and 5.12 were also confirmed by X-ray crystal 
structures which showed that xanthene ring and spirolactam ring was orthogonal to each 
other. The UV-Vis and fluorescence studies of compound 5.11, 5.12, and 5.13 with 
different metal ions showed the high selectivity for Fe
3+
 and Al
3+
 ions in aqueous ethanol 
solution of 1:1 (EtOH :H2O) at pH 7.1. Job’s plot and Benesi-Hildebrand plot showed 
that the compound 5.12 and 5.13 was binding with Fe
3+
 or Al
3+
 ions in a 1:1 
stoichiometry.  
Binding of compounds 5.11, 5.12, and 5.13 with Al(ClO4)3 is also supported by 
1D (
1
H NMR and 
13
C NMR) and 2D NMR spectroscopy with the Al
3+
 ion coordinated by 
carbonyl oxygen and triazole nitrogen atoms. This is further supported by the reduction 
of carbonyl group stretching band on IR spectrum. Detection limit was in the ppb range. 
The confocal microscopy experiment showed that the compound 5.12 could be used to 
detect the intracellular Fe
3+
 in live Vero and bacterial (Staphylococcus aureus) cells. 
Experimental 
General procedure for UV-Vis and fluorescence experiments  
 A stock solution of all compounds was prepared in EtOH. Final concentration of 
solution (50 µM for UV-Vis and 20 µM for Fluorescence experiment) was prepared by 
diluting the stock solution with deionized H2O to make final 1:1 (EtOH:H2O) solution. 
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The solution was excited at λ= 550 nm and scanned from λ=555-800 nm with slit widths 
set to 0.5 mm. A ten times more concentrated solution of the metal salt was prepared in 
1:1 (EtOH:H2O), and 20 μL (20 μL = 0.1 equivalent of metal salt) aliquots were added to 
compound. Fluorescence spectra were recorded after each addition. Dilution factors were 
taken into consideration upon binding study determination. The binding constants were 
determined from fluorescence titrations using HypSpec 2006.
116
 
General procedure for 
1
H NMR experiment  
A solution of 9.77 mM for 5.12 or 5.13 was prepared by dissolving 3 mg in 0.5 
mL CD3CN.  A ten times more concentrated solution of Al(ClO4)3 was prepared in 
CD3CN and 5 L (5 L = 0.1 equivalent of metal salt) aliquot was added to compound, 
and the 
1
H NMR spectrum recorded after each addition.The binding studies were pursued 
by 
1
H NMR titrations using HypNMR 2008.
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General Procedure for the Synthesis 
Preparation of picolyl azide (5.9)
201
  
In a round bottom fask, picolylhydrochloride (505 mg, 2mmol), 18-Crown-6 (1-2 
mg, as catalyst), and TBAI (1-2 mg, as catalyst) were dissolved in 10 mL DMF. DIPEA 
(0.34 mL) was added to this stirred solution. Lastly, NaN3 was added, and the solution 
was stirred for overnight. Then the solution was diluted with EtOAc (100mL), rinsed 
with basic brine (made by adding some pellets of NAOH to saturated NaCl and then pH 
is measured, pH≥10), followed by washing with NH4Cl (50 mL, 2 times). The organic 
layer was then dried over Na2SO4, and the solvent removed to afford the pure product as 
yellow oil (80 % yield).  
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1
H NMR (300 K, CDCl3, 400MHz); δ 8.62(d, J=4.3Hz, 1H), 7.73(td, J=1.8 and 7.7Hz, 
1H), 8.62(d, J=4.3Hz, 1H), 7.35(d, J=7.8Hz, 1H), 7.26(m, J=1H), 4.5(s, 2H) 
Preparation of 3',6'-bis(diethylamino)-2-(prop-2-ynyl)spiro [isoindoline-1,9'-xanthen]-3-
one (5.7)
200
  
To a solution of Rhodamine B (958 mg, 2mmol) in 20mL of  anhydrous 
dichloromethane was sequentially added HoBt (406mg, 3mmol), EDC (531 µL, 3mmol), 
and propargylamine (192.13 µL, 3mmol). The reaction mixture was stirred at room 
temperature for 2 days under anhydrous condition. The reaction mixture was diluted with 
dichloromethane and washed with sodium bicarbonate, brine, and water. The combined 
organic layers were dried over anhydrous sodium sulfate, filtered, and evaporated under 
reduced pressure to get the crude residue which was dissolved in a small amount of 
dichloromethane and left in a hood for overnight. A pink white solid is crystallized from 
it which is filtered by washing with hexane only. The pink white solid was then column 
chromatographed using 2:8 (Ethyl acetate: Hexane) to get 3’, 6’-bis (diethylamino)-2-
(prop-2-ynyl) spiro [isoindoline-1,9'-xanthen]-3-one (5.7) as pure white solid in 80% 
yield. 
1
H NMR (300 K, CDCl3, 400MHz):
 δ 7.92 (m, 1H), 7.42(m, 2H), 7.10 (m, 1H), 6.46 (d, 
J=8.8Hz, 2Hz, 6.39 (d, J=2.48Hz, 2H), 6.27 (dd, J=9 Hz, 2.5, 2H), 3.95 (d,J=2.55Hz, 
2H), 3.34 (q, J=7Hz, 8H), 1.75 (t, J=2.5Hz,1H), 1.14 (t, J=7Hz,12H)
 
 
13
C NMR (300 K, CDCl3, 400MHz):
 δ167.36, 153.76, 153.49, 148.87, 132.61, 130.44, 
129.04, 127.98, 127.98, 123.78, 123.03, 108.02, 105.13, 97.82, 78.3, 70.01, 64.78, 44.37, 
28.51, 12.57 
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IR (ATR solid); 3299 νC≡CH (m), 3053 νC=CH (w), 2966, 2929, 2892 νC-H (w), 1693 νC=O 
(vs) cm
-1
. 
General procedure for preparation of compounds 5.11, 5.12 and 5.13
190, 200
  
Compound 5.7 (480 mg, 1 mmol), picolyl azide 5.9 (135 mg, 1 mmol), copper (II) 
sulfate (13 mg, 0.05 mmol), and sodium ascorbate (20 mg, 0.1 mmol) were dissolved in a 
mixture of tertiary butanol and water solution (1:1, 20-30 mL) and refluxed for overnight. 
TLC of the reaction mixture was checked to see the completion of reaction. Then, the 
reaction mixture was cooled, poured into ice cold water, and extracted with ethyl acetate 
(3х30 mL). The combined ethyl acetate was dried over magnesium sulphate, filtered and 
evaporated to get the residue which was column chromatographed to get the pure 
compound (70% yield).  
Characterization of 5.11: 
1
H NMR (300 K, CDCl3, 400MHz):
 δ7.86 (m, 1H), 7.52(m, 2H), 7.33-7.41(m, 3H), 7.21 
(d, J=6.6Hz, 2H), 7.14 (s, 1H), 6.98-7.04(m, 1H),  6.36 (d, J=2.3Hz, 2H), 6.28 (d, 
J=8.9Hz, 2H), 6.23 (dd, J=2.5 Hz,  2H), 5.29 (s, 2H), 4.33 (s,2H), 3.36 (q, J=7Hz, 8H), 
1.15 (t, J=7Hz,12H)
  
13
C NMR (300 K, CDCl3, 400MHz):
 δ168.37, 155.04, 154.28, 149.88, 145.25, 136.90, 
133.73, 131.73, 129.87, 129.74, 129.30, 128.93, 124.47, 123.84, 123.56, 109.09, 106.17, 
98.39, 65.58, 54.19, 44.04, 35.94, 12.89 
IR (ATR solid): 2968νC-H (w), 1685 νC=O (vs) cm
-1
. 
Anal. Calcd for C38H40N6O2: H 6.57 %; N 13.71 %; C; 74.48 %  
Anal. Recalced for C38H40N6O20.5H2O: H 6.64 %; N 13.51 %; C; 73.40 %  
Found for C38H40N6O20.5H2O: H 6.63 %; N 13.39 %; C; 73.67 % 
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Characterization of 5.12:   
1
H NMR (300 K, CDCl3, 400MHz):
 δ 8.54 (d, J=4.79Hz, 1H),7.92 (m, 1H),7.59 
(m,1H),7.44 (m, 2H), 7.19 (m, 1H), 7.15 (s,1H), 7.09 (m, 1H), 6.89 (d, J=7.8Hz, 1H), 
6.34 (d, J=2.56Hz, 2H), 6.29 (d, J=8.85Hz, 2H), 6.14 (dd, J=8.9 Hz, 2.6, 2H), 5.39 
(s,2H), 4.48 (s,2H), 3.30 (q, J=7Hz, 8H), 1.14 (t, J=7Hz,12H)
  
13
C NMR (300 K, CDCl3, 400MHz):
 δ167.88, 154.94, 153.44, 149.50, 148.73, 144.90, 
137.08, 132.52, 130.96, 128.74, 128.03, 123.05, 122.90, 121.71, 107.83, 105.34, 97.92, 
65.03, 55.11, 44.35, 35.35, 12.61 
 IR (ATR solid): 2968νC-H (w), 1685 νC=O (vs) cm
-1
. 
Anal. Calcd for C37H39N7O2: H 6.40 %; N 15.97 %; C; 72.40 %  
Anal. Recalced for C37H39N7O20.5H2O: H 6.47 %; N 15.74 %; C; 71.36 %  
Found for C37H39N7O20.5H2O: H 6.43 %; N 15.75 %; C; 71.61 % 
Characterization of 5.13:  
1
H NMR (300 K, CD3CN, 400MHz):
 δ7.83 (m, 1H), 7.85 (m, 1H), 7.08 (s, 1H),7.00 (m, 
1H), 6.33 (d, J=1.2Hz, 2H), 6.26 (d, J=1.8Hz, 2H), 6.23 (d, J= 1.8Hz, 2H), 5.30 (m, 1H), 
4.78 (m, 3H), 4.30 (m, 3H), 4.12 (m, 1H), 4.01 (m, 1H), 3.33(q, J=7Hz, 8H), 3.06 (s, 
3H,CH3), 2.00 (s, 3H,CH3),  1.97 (s, 3H,CH3), 1.94 (s, 3H,CH3), 1.12(t, J=7Hz,12H 
13
C NMR (300 K, CD3CN, 400MHz):
 δ171.01, 170.92, 170.69, 168.23, 154.88, 154.32, 
149.88, 144.85, 133.72, 131.89, 129.81, 129.79, 129.31, 124.87, 124.51, 123.52, 109.12, 
109.08, 106.27, 98.35, 98.32, 97.58, 71.30, 70.63, 70.46, 68.79, 66.57, 56.88, 50.98, 
45.07, 35.86, 21.02, 20.91, 20.86, 12.92  
IR (ATR solid) 2965νC-H (w), 1746 νC=O (vs) 1685 νC=O (vs) cm
-1
. 
Anal. Calcd for C44H52N6O10: H 6.35 %; N 10.18 %; C; 64.06 %  
Anal. Recalced for C44H52N6O100.5H2O: H 6.40 %; N 10.07 %; C; 63.37 %  
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Found for C37H39N7O20.5H2O: H 6.36 %; N 9.80 %; C; 63.38 % 
Protocol for Bacterial Cell Imaging 
Bacterial cells were grown in aTryptic Soy Agar (TSA) plate from the -80°C 
freezer stock culture. A loopful of bacterial cells were inoculated into 5 ml of Tryptic soy 
Broth (TSB) and incubated overnight at 37°C with shaking at 200 rpm. The overnight 
culture was diluted 1:10 in 4 ml of pre-warmed TSB and further incubated at 37°C with 
shaking at 200 rpm for three hours. After incubation, 400 μL of FeCl3 (1 mM) was added 
in the culture (Final Fe concentration, 100 μM) and further incubated for 30 min. In the 
negative control, 400 μL of pre-warmed TSB was added. One mL of cells was aliquot in 
1.5 mL microfuge tube and centrifuged at 10000 x g for 5 min to harvest the cells. The 
cells were washed twice with sterile distilled water. The supernatants were removed 
completely and discarded in each of the washing steps. The cells were resuspended in 
100 μL of 1 mM 5.12 , and 20 μL of bacteria was spotted in the clean glass slide, covered 
with the lifter slide, and edges were sealed. Confocal microscopy images were taken in 
100 X/0.63 oil immersions. Phase contrast images were taken to visualize the cells, and 
the same field was laser scanned in cy3/rhodamine settings with emission at 550 nm and 
excitation at 580 nm. The same settings were used to scan both control and experimental 
(iron supplemented condition) for taking images, and the experiment was performed at 
least three times to verify the result. 
Protocol for Vero Cell Line Imaging 
Growth and maintenance of Vero cell lines were performed as previously 
described by Ammerman et al. 2008. In brief, the cells were quickly thawed from the 
stock cryovail in 10 ml of DMEM media supplemented with FBS. The cells were grown 
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overnight with shaking at 37°C with 5% CO2. The cells were pelleted by centrifugation at 
200 x g for 5 min. Approximately 4×10
5
 cells were inoculated in 24-well sterile corsar 
microtiter plate with 500 μL of basal BME media and incubated further for 2-3 days until 
they reached a >90% confluent monolayer. 50 μL of FeCl3 (1 mM) pre-warmed at 37°C 
was added in the media and further incubated for 30 min. In control, 50 μL of fresh media 
was added. After 30 min incubation, the media was aspirated completely and washed 
twice with sterile double distilled water. 200 μL of 5.12 (100 μM) reagent was added, and 
confocal microscopy images were taken. Phase contrast images were taken to visualize 
the cells, and the same field was laser scanned to visualize the fluorescence with emission 
and excitation wavelength of 550 nm and 580 nm, respectively (cy3/rhodamine). Same 
settings were used to scan both control and iron supplemented cells. The experiment was 
performed at least three times to confirm the result.  
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CHAPTER VI 
RHODAMINE BASED TWEEZERS FOR DETECTION OF Fe
3+
 AND Al
3+
 IONS 
Introduction 
In Chapter V, rhodamine based molecular probes containing only one rhodamine 
unit were discussed for the detection of Fe
3+
 and Al
3+ 
ions. In these systems for all three 
probes, both of the ions showed the same response regardless of the probes 5.11, 5.12, 
and 5.13. These molecular probes do not have a definite binding pocket or cavity for 
these metal ions. It might be possible that the molecular probes have the correct binding 
pocket to selectively bind Fe
3+ 
ion over Al
3+
 ion. Moreover, molecular probes containing 
multiple binding sites bind the metal ion more thermodynamically stable due to the 
chelate effect. Therefore, molecular probes containing two rhodamine units in the form of 
molecular cleft are designed and synthesized for the detection of Fe
3+
 ions. Furthermore, 
the molecular clefts are more preorganized (rigid) than the probes with only one 
rhodamine unit and hence bind the target metal ion stronger. 
Yoon et al. synthesized two rhodamine compounds 6.1 and 6.2 bearing urea 
groups for detection of Hg
2+
 ion (Figure 6.1).
232
 Compound 6.2 is synthesized as a 
molecular cleft with two pendent arms meta to each other. Compound 6.1 has only one 
rhodamine group and is synthesized as a model compound for compound 6.2. The 
perchlorate salts of Na
+
, K
+
, Li
+
, Ag
+
, Cs
+
, Mg
2+
, Ca
2+
, Hg
2+
, Zn
2+
, Mn
2+
, Cd
2+
, Ni
2+
, 
Co
2+
,  and Pb
2+
 were used to evaluate the metal ion binding properties in CH3CN. Model 
compound 6.1 showed large CHEF effects with Hg
2+
 and Pb
2+
 ions and relatively small 
CHEF effects with Zn
2+ 
and Cd
2+
 ions. However, compound 6.2 showed a highly 
selective CHEF effect with Hg
2+
 ion with a little interference from Zn
2+
 ion. These could 
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be explained by the coordination of the oxygen atom in the carbonyl groups of urea and 
lactam which form a binding pocket for Hg
2+
 ions. Fluorescence emission and UV-Vis 
absorption of compound 6.2 was increased by more than 100 folds upon addition of 100 
equivalents of Hg
2+
 ions. The association constants of 6.1 and 6.2 were calculated to be 
2.9×10
4
 and 3.2×10
5
 M
-1
, respectively, from fluorescence titration. Addition of excess 
1,10-diaza-4,7,14,17-tetrathiacyclooctadecane decreases both fluorescence and 
absorption of the complex indicating the binding process is reversible. The spiro-carbon 
signal at 64.9 ppm in 
13
C NMR spectrum was disappeared in the presence of Hg
2+ 
ion 
which further confirms the ring opening process of 6.2 (Scheme 6.1). However, they did 
not carry out any molecular modeling, IR and 
1
H NMR studies to confirm the geometry 
of the complex. 
 
Figure 6.1. Structure of model compound 6.1 and molecular cleft 6.2. 
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Scheme 6.1. Proposed structure for binding Hg
2+
 ion by compound 6.2.
232
 
 Sinn et al. developed molecular cleft 6.3 with two rhodamine groups ortho to 
each other for detection of Cu
2+
 and Fe
3+
 ions.
233
 The compound 6.3 was synthesized by 
refluxing rhodamine B hydrazide with phthalaldehyde in ethanol. The compound was 
designed to bind metal ions between two rhodamine groups through two carbonyl oxygen 
and imine nitrogen atoms. The spectroscopic properties were carried out in a 3:1 solution 
of CH3CN: Tris-HCl (10 mM) buffer at pH 7.0. The compound 6.3 has no absorption 
band at 551 nm but showed a significant enhancement (180-folds) upon addition of 40 
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equivalents of Cu
2+
 ion. Interestingly, addition of Fe
3+
 ion also gave absorption band but 
at 562 nm with low (80 folds) enhancement compared to Cu
2+
 ion. Hypsochromic shift of 
the absorption band with Cu
2+
 ion could be due to the formation of H-aggregates.
202
 It is 
well known that rhodamine dyes can aggregate in solution causing a bathochromic (J-
type) or hysochromic (H-type) shift in their absorption band. Other metal ions such as 
Na
+
, K
+
, Zn
2+
, Cd
2+
, Hg
2+
, Pb
2+
, Ca
2+
, Mn
2+
, Co
2+
, and Fe
2+
 were also tested but found no 
effect on the absorbance. However, the authors did not mention the effect of Al
3+
 ion in 
their studies which has similar chemical properties with Fe
3+
 and Cr
3+ 
ions. The 
compound 6.3 has weak fluorescence at 570 nm. Upon addition of 40 equivalents of Fe
3+
 
ions, the fluorescence emission at 580 nm was enhanced by more than 13 folds. The 
fluorescence enhancement was much weaker than that of absorbance possibly due to a 
paramagnetic nature of Fe
3+ 
ion. Interestingly, Cu
2+
 and Cr
3+
 ions increase the intensity 
by two and three folds, respectively, while other metal ions showed no enhancement. The 
emission enhancement of 6.3 with Cu
2+
 ion is negligible in comparison to that of its 
absorption. The weak fluorescence emission with Cu
2+
 could be due to the formation of 
H-aggregate which is non fluorescent on the basis of the exciton theory.
234, 235
 The 
binding constant (K11) for Cu
2+
 ion was calculated to be 1.6×10
3
 M
-1
 by the Benesi-
Hildebrand method in UV-Vis absorbance. While the binding constant (K11) was 
9.75×10
2
 M
-1 
for Fe
3+
 ion in fluorescence. The detection limit was calculated based on 
absorption data and was found to be 69 µM (4 ppm) for Cu
2+
 ion and 100 µM (6 ppm)  
for Fe
3+  
ion. 
1
H NMR titration was carried out in CD3CN to clarify the binding 
mechanism of Cu
2+
 ion. Addition of one equivalent of Cu
2+
 ion broadened and shifted the 
imine signal at 9.64 ppm in downfield direction indicating the involvement of imine 
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group in the coordintation of Cu
2+
 ion. This suggests a decrease in electron density at 
imine nitrogen resulting from direct coordination with Cu
2+ 
ion (Scheme 6.2).  
 
Scheme 6.2. Proposed structure for binding Cu
2+
/Fe
3+
 ions by compound 6.3.
233
 
There are only a handful of molecular probes that contain bisrhodamine system. 
Here, we report the synthesis of three rhodamine based molecular probes for detection of 
Fe
3+
 ion using triazole as the coordination sites with benzene and pyridine as scaffolds. 
The molecular clefts are analogous to the pyrene based molecular clefts in Chapter II 
except the sensing motifs rhodamine is used instead of pyrene. It was anticipated that this 
functional group will aid into water solubility. The coordination motifs such as triazole 
and amide groups remain same.  
 Two molecular probes are synthesized as ortho and meta isomer whereby the bite 
angle is different between the pendent arms. It is expected that one isomer binds the Fe
3+
 
ion more thermodynamically favorable than the other isomer. To increase the binding 
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affinity, a third molecular probe is synthesized. This probe introduces pyridine group as 
scaffold at 2, 6 positions to aid in the coordination of the metal ion. Hence, it improves 
the selectivity and binding affinity. As in Chapter V, it is expected that molecular clefts 
will have low absorbance and fluorescence and should increase upon binding with the 
target metal ion. It is proposed that metal ions will be coordinated by the oxygen and 
nitrogen atoms of lactam and triazole goups within the cleft of the molecular probes. 
Synthesis of Molecular Probes 6.6a, 6.6b, and 6.7 
 3’,6’-Bis(diethylamino)-2-(prop-2-ynyl)spiro [isoindoline-1,9’-xanthen]-3-one 
(5.7) is prepared from rhodamine B by the same procedure as discussed in Chapter V. 
2,6-Bis (azidomethyl)pyridine (6.5) is prepared from 2,6-bis(hydroxymethyl) pyridine. 
2,6-Bis(bromomethyl) pyridine (6.4) is first prepared from 2,6-bis(hydroxymethyl) 
pyridine in 80% yield by refluxing in 47%  hydrobromic acid overnight. The product is 
confirmed by the disappearance of the hydroxyl group signal in the 
1
H NMR and OH 
stretching bands in the IR-spectrum, and its spectroscopic data (
1
H NMR, 
13
 C NMR and 
IR) also agreed with the published procedure.
236
 2,6-Bis(bromomethyl) pyridine (6.4)  is 
then reacted with sodium azide in 4:1((CH3)2CO: H2O) to prepare 2,6-bis (azidomethyl) 
pyridine in 80 % yield(6.5). The azide molecule (6.5) was confirmed by its characteristic 
strong stretching bands at 2090 cm
-1
 in IR spectrum, and its spectroscopic data (
1
H NMR, 
13
 C NMR and IR) also agreed with the published procedure.
114
 Finally, 5.7 was then 
reacted with ortho or meta bis(azidomethyl) benzene (2.5a or 2.5b) or 2,6-bis 
(azidomethyl)pyridine (6.5) via the click reaction.
114
 Pure products are obtained in all 
three cases in 60-70% yields by column chromatography [Hexane (2): ethyl acetate (8)] 
of the ethyl acetate extracts of the reaction mixture. The product is confirmed by the 
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signal of triazole proton at δ 7.04 ppm (CD3CN). The compounds were fully 
characterized by 
1
H NMR, 
13 
C NMR, IR, ESI mass spectrum, elemental analysis, and by 
X-ray crystallography (scheme 6.3). 
 
 
 
    
 
2
3
3
 
   
Scheme 6.3. Synthesis of molecular probes 6.6a, 6.6b, and 6.7.
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X-ray Crystallographic Study of Molecular Probes 6.7 
The crystal for compound 6.7 was grown by slow evaporation of its saturated 
solution in a mixture of CHCl3 and CH3OH. As shown in Figure 6.2, crystal structure is 
in spirolactam configuration which explains its low absorption and fluorescence. 
Xanthene ring is orthogonal to the spirolactam ring. 
 
Figure 6.2. X-ray crystal structure of compound 6.7. 
Job’s Plot Studies of Molecular Probes 6.6a, 6.6b, and 6.7 
The binding stoichiometry of compound 6.6a, 6.6b, and 6.7with Fe(ClO4)3  is 
confirmed by Job’s plot analysis. A 1×10-4 M solution is prepared for each of compound 
(6.6a or 6.6b or 6.7) and Fe(ClO4)3  in 1:1 (EtOH:H2O). Both solutions are then mixed in 
different ratios to get the solutions having mole fractions from 0 to 1; each of which have 
the same total molar concentration i.e., 1×10
-4 
M. Fluorescence was measured for each 
mole fraction, and the fluorescence intensity at 577 nm was plotted against the mole 
fraction of Fe(ClO4)3 or Al(ClO4)3. The apex of the curve lies at 0.5 mole fraction which 
corresponds to 1:1 (Ligand: metal) stoichiometry. Figure 6.3 shows the Job’s plot of 
compound 6.6b with Fe(ClO4)3. As explained in Chapter V, the fluorescence of the 0.1 
and 0.2 mole fractions have low fluorescence. 
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Figure 6.3. Job’s plot of compound 6.6b with Fe(ClO4)3 obtained by fluorescence 
measurements in 1:1 (EtOH :H2O). The total concentration of 6.6b and Fe(ClO4)3 is 100 
μM  where Χ ≈ 0.5 (1:1 ligand:metal ratio). The red lines are for visual interpretation 
only. 
pH Studies on the Molecular Probes 6.6a, 6.6b, and 6.7 
As discussed previously in Chapter I and V, rhodamine based sensors are acid 
sensitive, and its spirolactam ring can open in the presence of acid to give ring open 
amide form which is red color and highly fluorescent. Therefore, the fluorescence 
response of all three probes (6.6a, 6.6b, and 6.7) was evaluated at different pH to find the 
working pH range. The fluorescence emission of compounds (6.6a or 6.6b or 6.7) is low 
and changes very little from pH 4 to pH 10 but shows high fluorescence below pH 2. This 
suggests that the spirolactam ring is stable and does not open in the pH range of 4-10 but 
opens below pH 4. As a consequence, compound (6.6a, 6.6b, and 6.7) cannot be used for 
detection of metal ions below pH 4. Upon addition of five equivalents of Fe
3+
 and Al
3+
 
ions in the above solutions, a significant enhancement in fluorescence was observed 
which is attributed to opening of the rhodamine ring. This data demonstrate that 
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compounds (6.6a, 6.6b, and 6.7) could act as a fluorescent probe for Fe
3+
 ions in the pH 
range of pH 4-10 (Figure 6.4). 
 
Figure 6.4. pH profile of compound 6.6b (20 μM) with pH from 1-14 (bottom green 
circle) and upon the addition of five equivalents of Fe(III) ( upper red diamond) in 1:1 
(EtOH:H2O). 
Optical Studies of the Molecular Probes 6.6a, 6.6b, and 6.7 
UV-Vis spectroscopy   
As discussed in Chapter V, the metal ions can trigger the spirolactam ring to open 
to form the intense red color which is highly fluorescent. Therefore, molecular clefts 
(6.6a, 6.6b, and 6.7) are first studied towards various metal ions by UV-Vis 
spectroscopy. The 1:1 ratio of EtOH and H2O is selected as the solvent system for the 
UV-Vis studies as explained in Chapter V. 
All compounds 6.6a, 6.6b, and 6.7 (100 µM) do not show any characteristic 
absorption bands of the rhodamine moiety around 550 nm in aqueous ethanol solution 
(EtOH:H2O =1:1) at pH 7.1. This suggests that the compounds are in spirolactam 
configurations. A new absorption band appears at 550 nm upon addition of one 
equivalent of Fe
3+
 or Al
3+
 ions (500 μL of 200 μM) to  6.6a or 6.6b or 6.7 (100 µM) with 
a color change from colorless to pink. This can be explained by the formation of the ring 
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opened amide forms as a result of Fe
3+
 or Al
3+
 ions coordinates to the molecular 
receptors. The intensity of absorption band on the addition of Fe
3+
 ion is two times 
greater than Al
3+
 ion. The absorption spectrum of compounds (6.6a or 6.6b or 6.7) did 
not change upon addition of other metal ions such as Na
+
, K
+
, Ca
2+
, Mg
2+
, Cr
3+
, Fe
3+
, 
Fe
2+
, Zn
2+
, Cd
2+
, Co
2+
, and Hg
2+
. 
This suggests that compounds 6.6a or 6.6b or 6.7 could serve as “naked-eye” 
chemosensors for Fe
3+
 or Al
3+
 ions in aqueous ethanol solution (Figure 6.5). The 
comparison for selectivity of compounds 6.6a, 6.6b, and 6.7 to Fe
3+
 and Al
3+
 ions is 
shown in Figure 6.6. All compounds showed more intense absorbtion bands for the Fe
3+ 
ion in comparison to Al
3+
 ions. This showed that molecular clefts are more selective to a 
Fe
3+
 ion than Al
3+
 ion in comparison to the molecular probes containing only one 
rhodamine unit in Chapter V. The intensity of absorbance band for either Fe
3+
 or Al
3+
 
ions are almos the same in all compounds suggesting the binding pocket between the 
pendent arms of the ortho and meta isomer do not play a significant role in the selectivity 
of the metal ions. 
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Figure 6.5. UV-Vis selectivity chart of compound 6.6b (100 µM) in 1:1 (EtOH:H2O), at 
pH=7.1, upon the addition of  one equivalents of metal ions as their ClO4
- 
salts (*Cl
- 
salt). 
 
Figure 6.6. Comparison of UV-Vis selectivity chart of compounds 6.6a, 6.6b, and 6.7 
(100 μM) in 1:1 (EtOH:H2O), pH 7.1, upon addition of one equivalents of Fe
3+
 and Al
3+
 
ions as their ClO4
- 
salts. 
 In order to study the binding in detail, UV-Vis titration of compounds 6.6a or 
6.6b or 6.7 (50 µM) was carried out with Fe(ClO4)3 and Al(ClO4)3 in aqueous ethanol 
solution 1:1 (EtOH:H2O ) at pH 7.1. For example, the UV-Vis titration of compound 6.6b 
with Fe(ClO4)3 and Al(ClO4)3 are shown in Figures 6.7 and 6.8. Addition of Fe(ClO4)3 or 
Al(ClO4)3 increases the UV-Vis absorption band with the maximum at 560 nm. The 
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absorbance bands plateaued after 20 equivalents for both Fe
3+
 and Al
3+
 ions. Data 
obtained during UV-Vis titration is analysed using the Benesi-Hildebrand method and 
HypSpec program.
116
 The binding constants calculated by these two methods are shown 
in Table 6.1 and are in good agreement. Both methods showed that compounds 6.6a, 
6.6b, and 6.7 are binding with Fe
3+
 or Al
3+
 ion in 1:1 stoichiometry. 
Table 6.1 
Binding constant (K11) calculated for UV-Vis titrations of 6.6a, 6.6b and 6.7 (50  μM) 
with Fe(ClO4)3 and Al(ClO4)3 (5 mM) in 1:1 (EtOH: H2O) using Benesi-Hildbrand and 
HypSpec program
116
 
 
Compounds salts Benesi-Hilder brand(K11, M
-1
) HypSpec (K11, M
-1
) 
 
6.6a 
 
Fe(ClO4)3 
 
2.8× 10
3
 
 
5.5× 10
3
 
Al(ClO4)3 6.0× 10
3
 6.4× 10
3 
 
6.6b Fe(ClO4)3 2.6× 10
3
 2.9× 10
3
 
Al(ClO4)3 5× 10
3
 1.3× 10
4 
 
6.7 Fe(ClO4)3 1.4× 10
3
 8.3× 10
2
 
Al(ClO4)3 5.6× 10
3
 1.4× 10
4 
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(A)                                                                                                                           (B)  
                                          
(C)                                                                                                                                 (D)      
                                                                                                                                 
Figure 6.7. (A) UV-Vis spectrum of compound 6.6b (50 µM) upon addition of Fe(ClO4)3, (B) its binding isotherm in 1:1 (EtOH:H2O) 
pH=7.1, (C) binding isotherm for HypSpec program,
116
 and (D) Benesi-Hildbrand plot. 
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Figure 6.8. (A) UV-Vis spectrum of compound 6.6b (50 µM) upon addition of Al(ClO4)3, (B) its binding isotherm in 1:1 (EtOH:H2O), 
pH =7.1, (C) binding isotherm for HypSpec program,
116
 and (D) Benesi-Hildbrand plot.
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Fluorescence spectroscopy  
After the UV-Vis studies, I turned my attention to fluorescence as this is more 
sensitive technique. Therefore, it was anticipated that selectivity might be changed in the 
fluorescence. Besides, color produced by the quenching metal ions such as Hg
2+
, Cu
2+
, 
and Fe
3+
 ions could have low fluorescence. Therefore, compounds 6.6a, 6.6b, and 6.7  
are studied by fluorescence towards different metal ions such as Na
+
, K
+
, Ca
2+
, Mg
2+
, 
Cr
3+
, Al
3+
, Fe
3+
, Fe
2+
, Zn
2+
, Cd
2+
, Co
2+
, and Hg
2+
 ions in the same solvent  system 1:1 
(EtOH:H2O) at pH 7.1.  
Compound 6.6a, 6.6b, and 6.7 (10 µM) all have a low fluorescence intensity at 
577 nm (ex=550 nm). A strong fluorescence emission band at 577 nm was produced 
with a color change from colorless to pink upon addition of five equivalents of Fe
3+
 or 
Al
3+
 ions. Fluorescence produced by Al
3+
 ions is two times lower than fluorescence by 
Fe
3+
 ions. In Chapter V, the fluorescence signal produced by the Al
3+
 ions is almost the 
same in intensity as Fe
3+ 
ions. Therefore, low fluorescence intensity by Al
3+
 ions in 
comparison to Fe
3+
 could be either due to a chelate effect or having a right binding pocket 
for Fe
3+
 ions. However, there is almost no change in the fluorescence and color upon 
addition of the above mentioned metal ions. For example, the bar chart selectivity of 
compound 6.6b with different metal ions is shown in Figure 6.9. This showed that 
compounds 6.6a, 6.6b, or 6.7 can be used as potential fluorescent chemosensors selective 
to Fe
3+ 
or Al
3+ 
ions. The comparison chart of compounds 6.6a, 6.6b, and 6.7 for Al
3+
 and 
Fe
3+
 ions is shown in Figure 6.10. All compounds showed almost the same fluorescent 
intensity for both Fe
3+
 and Al
3+
 ions. However, the fluorescent intensity for the Al
3+
 ion is 
almost half of the fluorescence of Fe
3+
 ion. This result is in complete agreement with the 
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result form UV-Vis absorption and supports that molecular clefts are more selective to 
the Fe
3+
 ion than the Al
3+
 ion. 
 
Figure 6.9. Fluorescence selectivity chart of compound 6.6b (10µM) in 1:1 (EtOH:H2O), 
at pH=7.1,upon the addition of metal ions (five equivalents) as their ClO4
-
 salts (*Cl
-
 
salt). λex=550 nm 
 
Figure 6.10. Comparison of UV-Vis selectivity chart of compounds 6.6a, 6.6b, and 6.7 
(10 μM) in 1:1 (EtOH:H2O), pH 7.1, upon addition of one equivalents of Fe
3+
 and Al
3+
 
ions as their ClO4
-
 salts. 
Fluorescence titrations were carried out in 1:1 (EtOH:H2O) in order to further 
investigate  the binding of 6.6a, 6.6b, and 6.7 with Fe
3+
 and Al
3+
 ions. Figures 6.11 and 
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6.12 show the fluorescence titration of compound 6.6b with Fe(ClO4)3  and Al(ClO4)3. 
The fluorescence intensity of compound 6.6b at 577 nm was increased gradually on 
addition of increasing concentrations of Fe
3+
 or Al
3+
 ions. The fluorescence was 
plateaued after five equivalents of Fe
3+
 or Al
3+
 ions. Binding constants were calculated by 
the Benesi-Hildebrand method and HypSpec program which are shown in Table 6.2. 
Both methods showed the binding stoichiometry is 1:1. The binding constants calculated 
from the HypSpec program are of magnitudes greater than those calculated from the 
Benesi-Hildbrand method. As explained in Chapter V, calculation of binding constant in 
the Benesi-Hildbrand involves fewer data in order to satisfy the conditions i.e., one of the 
reactant (host or guest) should be excess to another reactant.  
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Figure 6.11. (A) Fluorescence spectrum of compound 6.6b (20 µM) upon addition of Fe(ClO4)3, (B) its binding isotherm in 1:1 
(EtOH:H2O), pH=7.1, (C) binding isotherm for HypSpec program,
116
 and (D) Benesi-Hildbrand plot. 
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Figure 6.12. (A) Fluorescence spectrum of compound 6.6b (20 µM) upon addition of Al(ClO4)3, (B) its binding isotherm in 1:1 
(EtOH:H2O), pH=7.1, (C) binding isotherm for HypSpec program,
116
 and (D) Benesi-Hildbrand plot. 
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Table 6.2 
Binding constant (K11) calculated for fluorescence titrations of 6.6a, 6.6b, and 6.7 with 
Fe(ClO4)3 and Al(ClO4)3 using Benesi-Hildbrand and HypSpec program
116
 
 
Compounds salts Benesi-Hilder brand(K11 M
-1
) HypSpec (K11, M
-1
) 
 
6.6a 
 
Fe(ClO4)3 
 
1.4× 10
3
 
 
2.3× 10
6
 
Al(ClO4)3 6.0× 10
3
 5.7× 10
5 
 
6.6b Fe(ClO4)3 1.5× 10
4
 2.8× 10
6
 
Al(ClO4)3 3.6× 10
4
 5.0× 10
5 
 
6.7 Fe(ClO4)3 2.0× 10
4
 XX 
Al(ClO4)3 2.2× 10
4
 2.6× 10
5 
 
 
Based upon the UV-Vis and fluorescence result, it is assumed that Fe
3+
 or Al
3+
 
ions could be coordinated by the carbonyl oxygen atom of lactam and nitrogen atoms of 
the triazole ring within the cleft of the molecular probes (Scheme 6.4).  
 
Scheme 6.4. Proposed binding mode of compound 6.6b with Fe
3+
 ion on the basis of UV-
Vis and fluorescence results (S= solvent). 
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Reversibility of Molecular Probes 6.6a, 6.6b, and 6.7 
DFB (deferoxamine), a siderophore, is again used to test the reversibility of 
compounds 6.6a, 6.6b, and 6.7 with Fe
3+
 ions in aqueous ethanol solution. Figure 6.13 
shows the reversibility test of compound 6.6b. The fluorescence intensity of compound 
6.6b with Fe
3+
 ions
 
(two equivalents Fe
3+
 ions to 10 µM solution) is quenched upon 
addition of two equivalents of DFB because DFB, due to its high binding affinity with 
iron, stripped off the Fe
3+
 ions from the complex of compound 6.6b. The quenching of 
fluorescence indicates that compound 6.6b is returned to its original lactam state. The 
fluorescence of the solution was enhanced again upon addition of high concentration of 
Fe
3+
 ions (two equivalents of 2 mM Fe
3+
 ions) to it. This confirms that compound 6.6b is 
a reversible fluorescent probe for Fe
3+
 ions, and the spectral response of compound 6.6b 
to Fe
3+
 ions is due to the chelation-induced ring opening of rhodamine spirolactam rather 
than other possible reactions. 
 
Figure 6.13. Reversibility test: [6.6b] =10 µM; Fe (III) =100 µM; DFB=100 µM in 
EtOH: H2O (1:1). 
 
  
0
0.2
0.4
0.6
0.8
1
555 605 655 705 755
N
o
rm
. 
F
l.
 I
n
. 
Wavelength (nm) 
Free ligand
Addition of two equiv. Fe(III)
Addition of two equiv. DFB
249 
 
   
 
Detection limit of Molecular Probes 6.6a and 6.6b 
It is important to have the sensors with the low limit of detection as the Fe
3+
 is 
present in a very small amount in the environment and biology. The limit of detection 
was calculated by titrating 20 μM of Compounds 6.6a or 6.6b with 50 μM Fe(ClO4)3 in 
1:1 (EtOH:H2O)  (Figure 6.14). The limit of detection was calculated by using the 
method of least squares as described in previous Chapter II. The limit of detection for 
compounds 6.6a and 6.6b for Fe
3+
 ion was calculated to be 3 μM (163 ppb) and 0.5 μM 
(28 ppb), respectively (Figure 6.15). The detection limit of molecular probe 6.6b is below 
the limit set up for Fe
3+
 ion in drinking water by the WHO (100 ppb) and the EPA (300 
ppb). 
 
Figure 6.14. Fluorescence chart of 6.6b (20 μM) with Fe(ClO4)3 (50 μM) used to 
calculate L.o.D in 1:1 (EtOH:H2O). 
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Figure 6.15. Calibration curve used to calculate the LoD for Fe
3+
 ion with 6.6b. 
Summary 
 In summary, rhodamine-based molecular clefts 6.6a, 6.6b, and 6.7 were 
synthesized by an azide-alkyne Huisgen cycloaddition reaction of 3’, 6’-
bis(diethylamino)-2-(prop-2-ynyl)spiro [isoindoline-1, 9’-xanthen]-3-one (5.7) with ortho 
or meta bis(azidomethyl)benzene (2.5a or 2.5b ) or 2,6-bis (azidomethyl)pyridine (6.5). 
  The structure of compound 6.7 was also confirmed by X-ray crystal structures 
which showed that the free compound is in spirolactam configuration. The UV-Vis and 
fluorescence studies of compounds 6.6a, 6.6b, and 6.7 showed the high selectivity for 
Fe
3+
 and Al
3+
 ions in aqueous ethanol solution of 1:1 (EtOH :H2O) at pH 7.1. Job’s plot 
and the Benesi-Hildebrand plot showed that the compounds 6.6a, 6.6b, and 6.7 is binding 
with Fe
3+
 or Al
3+
 ions in a 1:1 stoichiometry.  
Experimental 
General procedure for UV-Vis and fluorescence experiments  
 A stock solution of all compounds was prepared in EtOH. Final concentration of 
solution (50 µM for UV-Vis and 20 µM for Fluorescence experiment) is prepared by 
y = 155445x + 0.0765 
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diluting the stock solution with deionized H2O to make final 1:1 (EtOH:H2O) solution. 
The solution was excited at λ= 550 nm and scanned from λ=555-800 nm with slit widths 
set to 0.5 mm. A ten times more concentrated solution of the metal salt was prepared in 
1:1 (EtOH:H2O), and 20 μL (20 μL = 0.1 equivalent of metal salt) aliquots were added to 
compound. Fluorescence spectra were recorded after each addition. Dilution factors were 
taken into consideration upon binding study determination. The binding constants were 
determined from fluorescence titrations using HypSpec 2006.
116
 
General Procedure for Synthesis 
Preparation of 2,6-bis(bromomethyl)pyridine(6.4)
236
   
A solution of 2,6-bis(hydroxymethyl) pyridine (0.278 g, 2 mmol) in 47% HBr (4 
mL) was heated overnight under reflux. After the reaction was cooled to room 
temperature, the mixture was poured into ice and neutralized with saturated NaOH. The 
resulting precipitate was collected, washed by water, and dried to get the pure product (80 
% yield). 
1
H NMR (300 K, CD3Cl, 400 MHz):
 δ 7.72 (t, 1H, J = 7.7Hz, CHAr), 7.39 (d, 2H, J = 
7Hz, CHAr), 4.56(s, 4H, CH2). 
13
C NMR (300 K, DMSO, 400 MHz): δ 156, 138, 122, 33 
Preparation of 2,6-bis(azidomethyl) pyridine (6.5)
114
 
The 2,6-bis(bromomethyl) pyridine  (0.53 g, 2.0 mmol) and sodium azide (0.39 g, 
6 mmol) were dissolved in a 4:1 mixture of acetone and water (30 mL) and stirred at 
room temperature for 24 h. A mixture of dichloromethane (25 mL) and water (25 mL) 
was then added to the reaction mixture and stirred for 10 mins. The organic layer was 
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separated and washed three times with water (50 mL), dried over magnesium sulfate, 
filtered and the solvent removed to produce a yellowish oil (80 % yield).  
1
H NMR (300 K, CD3Cl, 400 MHz):
 δ 7.77 (t, 1H, J = 7.7Hz, CHAr), 7.31 (d, 2H, J = 
7.7Hz, CHAr), 4.49(s, 4H, CH2). 
IR (ATR solid): 2928 νC-H (w), 2090 νN≡N (vs) cm
-1
. 
General procedure for preparation of compounds 6.6a, 6.6b, and 6.7
114
  
Compound 5.7 (480 mg, 1 mmol), meta bis(azidomethyl) benzene 2.5b (95 mg, 
0.5 mmol), copper (II) sulfate (13 mg, 0.05 mmol), and sodium ascorbate (20 mg, 0.1 
mmol) were dissolved in a mixture of tertiary butanol and water solution (1:1, 20-30 mL) 
and refluxed overnight. TLC of the reaction mixture was checked to see the completion 
of the reaction. Then, the reaction mixture was cooled, poured into ice cold water, and 
extracted with ethyl acetate (3х30 mL). The combined ethyl acetate is dried over 
magnesium sulphate, filtered, and evaporated to get the residue which was column 
chromatographed [hexane(8):ethyl acetate(2)] to get the pure compound (70% yield).  
Characterization of compound 6.6a:   
 
1
H NMR (300 K, CD3CN, 400MHz): δ7.78 (m, 2H), 7.40-7.51(m, 4H), 7.26-7.35 (m, 
2H), 6.99-7.05 (m, 2H),  6.96 (t, J=4.0Hz, 4H), 6.32 (d, J=2.4Hz, 4H), 6.22-6.27 (m, 4H), 
6.19 (dd, J=8.9,2.4 Hz,  4H), 5.31 (s, 4H), 4.27 (s,4H), 3.30 (q, J=7Hz, 16H), 1.08 (t, 
J=7Hz,24H)
 
 
13
C NMR (300 K, CDCl3, 400MHz):
 δ166.97, 153.67, 152.89, 148.51, 143.99, 133.55, 
132.34, 130.31, 129.29, 128.79, 128.39, 127.89, 123.09, 122.55, 122.21,  
107.74, 104.76, 97.05, 64.20, 49.85, 43.68, 34.54, 11.55 
Anal. Calcd for C70H74N12O4: H 6.50 %; N 14.64 %; C; 73.27 %  
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Anal. Recalcd for C70H74N12O41.5H2O.CH3CO2CH2CH3: H 6.66 %; N 13.89 %; C; 71.4 
%  
Found for C70H74N12O41.5H2O.CH3CO2CH2CH3: H 6.7 %; N 13.77 %; C; 71.39 % 
Characterization of compound 6.6b:   
1
H NMR (300 K, CD3CN, 400MHz): δ7.78-7.84 (m, 2H), 7.42-7.51(m, 4H), 7.30 (t, 
J=7.5Hz, 1H), 7.07 (d, J=8.0Hz, 3H), 7.04 (s, 2H), 6.93-7.00(m, 2H), 6.31 (d, J=8.9Hz, 
4H), 6.23 (d, J=8.9Hz, 4H), 6.17 (dd, J=8.9,2.4 Hz,  4H), 5.20 (s, 4H), 4.26 (s,4H), 3.20-
3.36 (q, J=7Hz, 16H), 1.08 (t, J=7Hz,24H)
 
 
 13
C NMR (300 K, CDCl3, 400MHz):
 δ166.90, 153.58, 152.90, 148.48, 143.79, 136.15, 
132.34, 130.41, 129.05, 128.39, 127.91, 127.37, 127.04, 123.10, 122.54, 122.20,  
107.72, 104.81, 97.02, 64.17, 52.45, 43.66, 34.46, 11.53 
Anal. Calcd for C70H74N12O4: H 6.50 %; N 14.64 %; C; 73.27 %  
Anal. Recalcd for C70H74N12O41.5H2O.CH3CO2CH2CH3: H 6.7 %; N 13.79 %; C; 70.97 
%  
Found for C70H74N12O41.5H2O.CH3CO2CH2CH3: H 6.69 %; N 13.53 %; C; 71.26 % 
Characterization of compound 6.7: 
1
H NMR (300 K, CD3CN, 400MHz): δ7.81-7.85 (m, 2H), 7.68 (t, J=7.8Hz, 1H), 7.44-
7.52(m, 4H), 7.07 (s, 2H), 6.98-7.00 (m, 2H), 6.96 (d, J=7.8Hz, 2H), 6.32 (d, J=2.5Hz, 
4H), 6.24 (d, J=8.9Hz, 4H) 6.17 (dd, J=8.9,2.6 Hz,  4H), 5.28 (s, 4H), 4.31 (s, 4H), 3.21-
3.36 (q, J=7Hz, 16H), 1.08 (t, J=7Hz,24H)
 
 
13
C NMR (300 K, CDCl3, 500MHz):
 δ168.26, 156.03, 154.94, 154.20, 149.87, 145.03, 
139.62, 133.72, 131.84, 129.79, 129.29, 124.48, 123.59, 122.24, 109.11, 106.14, 98.41, 
64.00, 55.46, 45.03, 35.79, 12.78 
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Anal. Calcd for C69H73N13O4: H 6.40 %; N 15.85 %; C; 72.16 %  
Anal. Recalcd for C69H73N13O41.5H2O: H 6.51 %; N 15.49 %; C; 70.50 %  
Found for C69H73N13O41.5H2O: H 6.49 %; N 15.23 %; C; 70.62 % 
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CHAPTER VII 
CONCLUSION  
Conclusion of Chapters II, III, and IV 
 Pyrene based molecular probes (2.6a, 2.6b, 3.6, and 4.7) were synthesized in 
good yields by an azide-alkyne Huisgen cycloaddition reaction of N-(prop-2-ynyl) 
pyrene-1-carboxamide (2.4) with ortho and meta bis azidomethyl benzene (2.5a, and 
2.5b), benzyl azide (3.5), and methyl 2, 3, 4-tri-O-acetyl-6-azido-6-deoxy-α-D-
glucopyranoside (4.6). Formation of excimer or monomer-excimer equilibrium is used as 
a sensing mechanism for the detection of metal ions. Molecular probes 2.6a and 2.6b 
were found to be selective for the Zn
2+
 ion, which showed a significant hypsochromic 
shift in the excimer band from 495 to 400 nm upon addition of Zn
2+
 ions. The 
fluorescence intensity at 400 nm was found to be more intense for 2.6b than 2.6a, upon 
addition of Zn(ClO4)2. The molecular probe was found to be reversible with a detection 
limit for the Zn
2+
 ion in the nanomolar range. Molecular modelling calculations (DFT), 
2D NMR, and IR studies support the proposed structure of the complexes: unfortunately, 
these compounds were very insoluble in polar solvents due to the hydrophobic nature of 
the pyrene units. Therefore, their biological applications were not studied.  However, this 
is one of the first reported systems whereby a hypsochromic excimer formation is seen 
rather than the bathochromic shift normally reported.    
 Molecular probe 3.6 acts as a self-assembled simultaneous cation and anion 
binding molecular probe.  This was one of the first examples that utilizes an ion-pair to 
switch on the excimer formation with ZnCl2 in CH3CN. The excimer was most intense 
with ZnCl2 and binds exclusively in a 2:1(ligand:metal) ratio in a tetrahedral fashion. The 
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tetrahedral geometry of the complex [ZnCl2(3.6)2]  is supported by 
1
H NMR titration, 2D 
NMR, and DFT calculations.  
 Molecular probe 4.7 is shown to self-assemble in presence of the Fe
3+
 ion. The 
most intense excimer signal is produced by Fe(ClO4)3 and binds the compound 4.7 in 1:2 
stoichiometric ratio. Binding is further supported by 
1
H NMR titration studies with 
Al(ClO4)3. Electrogenerated chemiluminescence studies show for the first time an 
enhancement in ECL intensity upon addition of Fe
3+
 ion. 
Conclusion of Chapters V and VI 
Several rhodamine based molecular probes have been synthesized (5.11, 5.12, 
5.13, 6.6a, 6.6b, and 6.7) in good yields by an azide-alkyne Huisgen cycloaddition 
reaction. The ring opening of spirolactam to the open amide form is used as the sensing 
mechanism for the detection of metal ions. All rhodamine based molecular probes were 
found to bind both Fe
3+
 and Al
3+
 ions in 1:1(EtOH:H2O) at pH 7.1 in both UV-Vis and 
fluorescence. 
The limit of detection for Fe
3+
 ions is calculated in the range of 0.5-3 μM (28-163 
ppb). 1D NMR (
1
H NMR,
 13C
 NMR), 2D NMR (ROESY), and IR-studies support the 
proposed structures of the complexes.  
Several protocols are developed for the first time to distinguish Fe
3+
 and Al
3+
 ions 
in aqueous ethanol system. The protocol is based on the reduction of Fe
3+ 
to Fe
2+
 ions 
which then react with ferrozine and 1, 10-phenanthroline to give an intense purple and 
orange red color, respectively. 
The rhodamine molecular probe 5.12 was successfully applied for the cell 
imaging of free intracellular Fe
3+
 ions in the live Vero cell lines and in bacterial cells. 
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